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Foreword

This book aims to give information on several pathophysiological and clinical 
aspects related to the concept of prehypertension. Although the definition of prehy-
pertension in guidelines may be somewhat different, a large amount of clinical and 
epidemiological data indicates that individuals, not taking antihypertensive treat-
ment, with systolic/diastolic blood pressure slightly below 140/90 mmHg, are at 
increased risk for sustained hypertension and cardiovascular diseases. The book 
will provide an up-to-date overview on epidemiological studies supporting the high 
risk for developing not only hypertension but also organ damage. Information is 
given on the relation between prehypertension and structural and functional changes 
in the heart as well as in the large and small arteries, with evidence of increased left 
ventricular mass, arteriosclerotic changes, and remodeling of small arteries, thus 
leading to increased cardiovascular and renal events risk. Prehypertensive subjects 
often present also additional cardiovascular risk factors. The evidence from recent 
studies supports the rationale for treating prehypertensives not only with lifestyle 
modification but also with antihypertensive medications, especially those with high 
normal blood pressure and high–very high cardiovascular risk. The book will be of 
great use to all researchers and practitioners interested in the prevention and treat-
ment of hypertension, which represents a fundamental step in the reduction of the 
large cardiovascular disease burden worldwide.

� Enrico Agabiti Rosei
Department of Internal Medicine

University of Brescia 
Brescia, Italy
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Preface

Prehypertension is identified as the blood pressure range from 120/80 to 139/89 mmHg, 
although its definition has frequently changed over the years with the changing subdi-
vision of the blood pressure spectrum from the lowest to the highest values. The impor-
tance of prehypertension for research as well as for public health has long been 
appreciated for a variety of important reasons. First, within this blood pressure range 
lays a large fraction of the population. Second, compared to lower blood pressure val-
ues, prehypertensive individuals more frequently exhibit also overweight or obesity, 
glucose intolerance, and dyslipidemias, which make prehypertension an extremely fre-
quent, if not a regular, component of the metabolic syndrome. Third, this clustering of 
risk factors makes the cardiovascular risk of prehypertension substantially higher than 
that of individuals with optimal blood pressure values, the risk being made, in many 
cases, greater by the presence of incipient or even more advanced asymptomatic dam-
age of the heart, the kidney, and the large and small arteries. Finally, prehypertension 
owes its name to the high probability of a progression of the blood pressure values to a 
frank hypertensive condition, a phenomenon so frequent as to allow, from the middle 
age on, most prehypertensives to predict for themselves a hypertensive future. All this 
makes this condition important for investigating the factors that initially cause the car-
diovascular alterations as well as the specific and interactive hemodynamic and meta-
bolic mechanisms participating in the dynamic process that leads to the progressive 
elevation of blood pressure and organ damage. It is also an especially good setting to 
test lifestyle or drug-based strategies to effectively prevent this process, with benefits 
potentially much greater than those offered by later interventions, when the damage is 
established and likely to be at least in part irreversible.

This book provides a series of chapters on the most recent pathophysiological, 
epidemiological, diagnostic, and therapeutic research in the prehypertension area, 
written by a number of well-known experts. We hope this will be of interest to both 
clinicians and investigators, the former to update their information on the status of 
evidence-based prevention and treatment strategies in this cardiovascular area and 
the latter for even more clearly focusing on the gaps in knowledge and device means 
to fill them by appropriate investigations.

Tel Aviv, Israel� Reuven Zimlichman
Ann Arbor, MI, USA� Stevo Julius
Milan, Italy� Giuseppe Mancia
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1High-Normal Blood Pressure in Children 
and Adolescents

Mieczysław Litwin, Janusz Feber, and Zbigniew Kułaga

1.1	 �Introduction

Elevated blood pressure (BP) is regarded as the most important, but reversible risk 
factor for the development of cardiovascular (CV) disease. Epidemiological studies 
based on data from prospective decade-long observations of cohorts of adults pro-
vided strong evidence that systolic blood pressure (SBP) above 140 mmHg signifi-
cantly increased the risk of CV disease and CV events such as stroke, coronary heart 
disease, heart failure and chronic kidney disease (CKD). However, the chosen 
threshold of SBP of 140 mmHg may be artificial, as there is a linear relationship 
between SBP and CV disease, i.e. the risk of CV disease is increased even at BP 
levels lower than 140 mmHg. In fact, subjects with SBP above 120 mmHg but still 
below 140 mmHg had a higher probability of developing arterial hypertension than 
those with an SBP below 120 mmHg. Although the problems related to CV risk and 
BP within the high-normal/prehypertensive range is quite well described regarding 
adults, only recent paediatric studies shed some light on the risk of high-normal/
prehypertensive BP in children and adolescents. The aim of this review is to discuss 
the significant impact of even a mild increase of BP within the high-normal range 
concerning the development of CV disease and other hypertensive-related compli-
cations in children and adolescents.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75310-2_1&domain=pdf
mailto:M.Litwin@IPCZD.PL
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1.2	 �Idea of Prehypertension

The association between systolic and diastolic BP and the development of CV dis-
ease and CV events in adults is continuous and graded. This concept is based on 
10 years of observational data, which has shown that adults with high-normal BP 
had significantly greater cumulative incidence of CV events and CV disease than 
those with normal and optimal BP values. This cumulative incidence of CV disease 
increased with age and was particularly high among older subjects [1]. As already 
noted in earlier reports from the Framingham study, adults with BP in a high-normal 
range had a characteristic intermediary phenotype when compared to those with 
normal and optimal BP, namely a steady increase in body mass index (BMI), serum 
cholesterol and age, from an optimal to a high-normal BP range [1]. Further reports 
also showed that adults with high-normal BP suffer from autonomic dysfunction, 
visceral obesity and higher uric acid and metabolic abnormalities, typical of meta-
bolic syndrome (MS) [2].

Thus, the threshold of 140/90  mmHg defining arterial hypertension in adults 
means that the CV risk is significantly greater for those with BP above 140/90, as 
compared to those with BP below this threshold. However, young adults with BP 
values in the high-normal range of 130–139/85–89 mmHg also had a greater inci-
dence of arterial hypertension than their peers with lower/normal BP values. These 
findings indicate that high-normal BP status is an early and transitory stage of 
hypertensive disease, before the development of sustained arterial hypertension. 
The idea of a progressive increase of BP from normal through high-normal to 
hypertensive values is similar to the contemporary view of development of type 2 
diabetes from a prediabetic state to fully blown diabetes. As the process of transition 
from pre-disease to disease state is potentially reversible, the detection and/or treat-
ment of high-normal BP in the early stages may prevent CV complications at a later 
stage. This notion has led to the concept of “prehypertension” and its use in the 
classification of BP status in adults [3], implying that prehypertension should be 
treated as the first stage of hypertension. While this may apply for adults, the situa-
tion in children is more complicated due to different BP classifications (based on 
percentiles or Z-scores rather than absolute BP values) and relatively few longitudi-
nal population data on CV risk associated with BP levels [4].

1.3	 �Classification of Blood Pressure Status in Children 
and Adolescents: Definition of High-Normal Blood 
Pressure/Prehypertension in Children and Adolescents

In contrast to classification of BP status in adults, the definition of arterial hyperten-
sion in children and adolescents is not based on the estimation of risk of CV events 
but rather on statistical distribution of BP values in general population. Thus, the 
definition of arterial hypertension in children is based on BP percentiles or Z-scores 
and not absolute blood pressure values. The currently used BP threshold defining 
arterial hypertension is the systolic and/or diastolic BP equal to or higher than the 
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95th percentile for age, sex and height [5]. The need for using BP percentile values 
rather than absolute BP values for children and adolescents is based on the BP 
changing with the development of the child. In adolescents, the situation is even 
more complicated as younger adolescents would fall within the child category with 
BP assessments recorded in percentiles, whereas older adolescents (≥16 years of 
age) may be considered as adults with BP measured in absolute values and criteria 
adopted by adult hypertension guidelines.

Although CV events and CV disease is rare in childhood, it is clear that elevated 
BP in childhood and adolescence evolves into arterial hypertension in adulthood. 
Thus, in 2004, the 4th Task Force Report adopted the JNC VII classification of BP 
status into paediatric guidelines [6]. According to the 4th Task Force Report, opti-
mal blood pressure has been defined as blood pressure below the 90th percentile for 
age, sex and height and/or below 120/80 mmHg. The BP values between the 90th 
and 95th percentile, or above 120/80 mmHg but below the 95th percentile, have 
been classified as prehypertension. However, this classification, both for adults and 
children has not been fully accepted in the European Union because the term “pre-
hypertension” implies a pre-disease state and suggests the need for treatment. Thus, 
the European Society of Hypertension (ESH) in its first paediatric guidelines on 
diagnosis and treatment of arterial hypertension in children and adolescents pro-
posed to use the term high-normal blood pressure for blood pressure values regarded 
as prehypertensive in the US classification system [7]. While the use of BP percen-
tiles and the 95th percentile as the upper limit of normal have been widely accepted 
for diagnosis and management of hypertension in younger children, adolescents 
from 16 years of age present a challenge when using BP percentiles for the defini-
tion of arterial hypertension and high-normal BP/prehypertension. Some boys aged 
16–18  years could not be diagnosed as hypertensive despite having systolic BP 
values above the adult threshold value of 140 mmHg, because the values of the 95th 
percentile for systolic BP are much higher than 140 mmHg. On the contrary, in girls 
aged 16–18 years the 95th percentile values for systolic BP may be in the range of 
132–135 mmHg, which means that they would be considered hypertensive by the 
paediatric definition based on percentiles but they would be normotensive or prehy-
pertensive based on the adult definition of absolute BP values (<140/90). Similar 
problems have been encountered in children with prehypertensive/high-normal BP, 
as the 90th percentile increases with age and may reach the threshold of 120 mmHg 
at 13 years of age in some adolescents. These problems have led to a new classifica-
tion of BP in children and adolescents as proposed by the ESH in 2016 [8]. In this 
new classification, adolescents aged 16 years and older have their BP status catego-
rized according to the classification for adults, i.e. based on absolute BP values. 
Moreover, the definition of BP categories proposed by ESH differs from the original 
classification by the 4th Task Force Report. ESH defines normal BP as BP below the 
90th percentile for children less than 16 years of age and below 130/85 mmHg in 
adolescents aged 16 years and older. Similarly, in children aged 16 and below, the 
high-normal BP has been defined as BP equal or higher than the 90th and lower than 
the 95th percentile, whereas in children 16–18 years of age the definition is based 
on absolute BP values between 130/85 and 139/89 mmHg. Thus, in contrast to the 
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US classification, the BP threshold of 120/80 mmHg for a prehypertensive range 
has not been adopted by the ESH. Importantly, in both US and EU classifications, 
the diagnosis of high-normal BP/prehypertension may be based on blood pressure 
values measured on one occasion, which may complicate the assessment of the 
prevalence of high-normal BP/prehypertension.

In addition to classification based on office BP measurements, prehypertension 
is also included in the classification of BP based on 24 h ambulatory blood pressure 
measurements (ABPM). According to paediatric ABPM classification, prehyperten-
sion is diagnosed when mean systolic and/or diastolic BP is below 95th percentile 
but BP load (percentile of BP readings above 95th percentile) is above 25% and 
below 50% [9].

1.4	 �Prevalence of High-Normal BP and Hypertension 
in Children and Adolescents

The real prevalence of high-normal BP/prehypertension in children and adolescents 
is difficult to assess due to several reasons. First, the definitions of prehypertension/
high-normal BP differ between US and Europe as discussed above [6, 8]. Second, 
the intrinsic variability in repeated BP measurements (even in one clinic setting) and 
inconsistency in interpretation of the repeated BP measurements (some authors 
record the first reading only, some prefer the second BP reading, some calculate the 
average of the second and third readings, etc.) result in a significant heterogeneity 
within published reports on prehypertension/high-normal BP. Third, the diagnosis 
of high-normal BP/prehypertension depends on the number of clinic visits. When 
the definition of prehypertension was based on BP measurements during only one 
visit (average of three BP readings), the prevalence of prehypertension and hyper-
tension was 9.4% and 9.5%, respectively [10]. However, after three screenings 
(clinic visits) the prevalence of prehypertension increased to 15.7% and the preva-
lence of arterial hypertension decreased to 3.2% [10]. These findings indicate that a 
large amount of adolescents labelled as hypertensive after their first BP screening 
become prehypertensive on subsequent visits. Similar findings of a decreasing prev-
alence of elevated BP in high-normal BP/prehypertensive range, was found with 
repeated measurements [11]. It was found that the prevalence of high-normal BP/
prehypertension in 9-year-old children was 12.6% when BP was measured during 
one visit, but decreased to 9% when BP was measured during three visits. However, 
the prevalence of high-normal BP/prehypertension increased with age; the preva-
lence of high-normal BP/prehypertension in 11-year-old children was 14.4% based 
on one BP measurement and 12.4% when BP was measured over three visits.

In a Polish nationwide study (OLAF) on 21, 414 randomly selected students 
aged 3–18 years the BP was assessed and documented as the mean of the second 
and third measurements during one visit. We found that the prevalence of high-
normal BP (according to the ESH definition) ranged from 10.8% to 19.7% in boys 
and from 8.3% to 14.4% in girls aged 11 to 18 years, respectively. The prevalence 
of high-normal BP did not differ between sexes until 14 years of age, but started to 
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rise during a growth spurt, especially in boys (Figs.  1.1 and 1.2). As shown in 
Figs. 1.1 and 1.2, the prevalence of high-normal/prehypertension depends on the 
definition. When the definition based on the 4th Task Force Report guidelines was 
applied, the prevalence of high-normal blood pressure/prehypertension increased to 
49.7% and 25.9%, in boys and girls, respectively. These age- and sex-related differ-
ences in the prevalence of prehypertension/high-normal BP have also been reported 
in other ethnic groups [12]. The prevalence of prehypertension/high-normal BP is 

7
0

10

20

30

fr
eq

ue
nc

y 
(%

) 40

50

60

8 9 10 11 12
age (years)

9,9
11,7

10,1
12,2 10,9

15,8

10,8

15,4
12,4

16,2

10,8

17,3

10,9

21,4

9,6

27,3

11,2

42,9

18,3

43,0

17,1

46,1

19,7

49,7

high-normal (EU) prehypertension (US)

13 14 15 16 17 18

Fig. 1.1  Prevalence of high-normal BP (ESH definition) and prehypertension (4th Task Report 
definition) in sample of boys (n = 8321). OLAF Study, Poland

0

5

10

15

20

fr
eq

ue
nc

y 
(%

)

25

30

35

7 8 9 10 11 12
age (years)

high-normal (EU) prehypertension (US)

13 14 15 16 17 18

10,5
12,2 12,0

16,7

9,8

14,9

9,8

16,1

8,3

15,8

10,8

18,5

22,0

9,0

27,1

11,2

28,6

13,4

24,1
26,1 25,9

14,4
13,4

9,7

Fig. 1.2  Prevalence of high-normal BP (ESH definition) and prehypertension (4th Task Report 
definition) in sample of girls (n = 9107). OLAF Study, Poland

1  High-Normal Blood Pressure in Children and Adolescents



8

related to ethnicity and socioeconomic status and these determinants are the same 
as in arterial hypertension cases. In a study from the USA it was found that prehy-
pertension was more common among African Americans and Hispanic adolescents 
than among White adolescents [10].

The other potential confounder in the assessment of high-normal BP prevalence 
is the method of BP measurement used. According to guidelines, the diagnosis of 
high-normal BP/prehypertension is based on office BP measurements. However, 
many patients who are referred with office hypertension undergo ABPM and are 
ultimately diagnosed with ambulatory prehypertension; this may lead to an under-
estimation of the true prevalence, as reported data on the prevalence of high-normal 
BP/prehypertension are usually based on office BP measurements only.

All these factors contribute to a significant variation in the prevalence ranging 
from 2.9% to 31%. However, regardless of the exact point prevalence estimate, it 
seems that the prevalence of high-normal BP/prehypertension increases over time 
as suggested by recent publications reporting a higher prevalence compared to ear-
lier reports [13].

1.5	 �Intermediate Clinical and Laboratory Phenotype 
of High-Normal BP/Prehypertension in Children

The intermediate phenotype of high-normal BP/prehypertensive children in terms 
of anthropometrical parameters and metabolic abnormalities is in the middle 
between normotensive children and children with primary hypertension (PH). The 
main finding in children and adolescents with high-normal BP/prehypertension is 
obesity and visceral obesity expressed as increased waist circumference [14, 15]. 
Children and adolescents with high-normal BP/prehypertension present similar 
metabolic abnormalities as the children with PH, namely insulin resistance which is 
otherwise typical of MS. However these abnormalities are of a lower magnitude in 
comparison with children with PH. Similar to children with PH, children with high-
normal BP/prehypertension have higher serum uric acid levels than normotensive 
children. It was shown that in pre-pubertal children, the risk of high-normal BP/
prehypertension increased by 50% for each 1 mg/dL increase of serum uric acid 
concentration [16]. These metabolic abnormalities are associated with faster bio-
logical development, one of the main biological alterations seen across BP strata 
from normotension to PH in adolescents. In an analysis of data from NHANES II 
and III, Lauer et al. found that the level at which BP was tracked during childhood 
was related to growth, obesity and the degree of maturation acquired (expressed as 
bone age, number of permanent teeth, waist circumference). Children whose BP 
rose or fell in relation to their peers had body growth and maturation characteristics 
(bone age, number of permanent teeth, waist circumference) similar to those who 
maintained their rank order high or low, respectively [17]. In a study of adolescent 
boys referred to the hypertension clinic due to elevated BP, the difference between 
bone age and chronological age significantly increased from normotension through 
prehypertension, through stage 1 and stage 2 hypertension [18]. These findings 
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indicate that an intermediate phenotype of adolescents with high-normal BP/prehy-
pertension is similar to PH and also includes the basic alterations of the processes 
of biological development indicating a faster biological maturation associated with 
elevated BP values already in the prehypertensive range.

1.6	 �Evolution of High-Normal Blood Pressure/
Prehypertension in Childhood

High-normal BP/prehypertension exhibits a tracking phenomenon, i.e. children 
with high-normal BP/prehypertension would more likely continue to have high-
normal BP/prehypertension in adulthood [19, 20]. In adults, as many as 26% of 
patients with prehypertension progressed to hypertension and those patients had a 
2.95 times higher risk of CV disease than those who remained at a normal BP or 
prehypertensive state [21]. It was shown that a significant number of children with 
high-normal BP/prehypertension progressed to PH later in life and had a worsening 
in cardiovascular outcome by midlife (i.e. 38 years of age) [22]. The overall inci-
dence of arterial hypertension in the general population of adolescents (10–19 years) 
is estimated to be 0.5–0.8%. Redwine et al. found that the rate of progression from 
normotension to hypertension, confirmed by three measurements on three indepen-
dent visits, was 0.4%/year; yet among adolescents who were prehypertensive it was 
1.1%/year [23, 24]. In those who had either a systolic or diastolic BP above the 95th 
percentile during their first measurement session and who had a BP which later 
normalized, (<90th percentile or 120/80 mmHg), the incidence rate was 1.4%/year, 
i.e. the same as among adults with optimal BP.

The recent report from Bogalusa Heart Study on 2732 adults aged 20–51 years 
who were followed from childhood showed a prevalence of arterial hypertension of 
23.5% [25]. However, those who became hypertensive had their BP in the prehyper-
tensive range as children and adolescents. Similar findings were reported in a longi-
tudinal representative birth cohort study from New Zealand, where SBP was 
reported at ages 7, 11, 18, 26, 32 and 38 years [22]. It was found that at an age of 
38 years, adults who became hypertensive had significantly higher SBP trajectory 
starting already during their 7th year of age and their SBP values were in a prehy-
pertensive range during childhood and adolescence up to mid-adulthood. These 
subjects also had the steepest rise of systolic BP during adolescence, attaining 
hypertensive values in early adulthood.

All these studies suggest that high-normal BP/prehypertension detected in child-
hood will most likely stay high-normal or increase to hypertensive levels later on in 
life at a much faster rate than among subjects with optimal BP. On the other hand, 
PH in adulthood develops from high-normal BP/prehypertension in adolescence. In 
some of these studies, adolescents ultimately labelled as high-normal BP/prehyper-
tensives were originally diagnosed as hypertensive and then lowered their BP to a 
prehypertensive range. In fact, in aforementioned studies BP classification was not 
confirmed by ABPM; thus a portion of prehypertensive subjects suffer from white-
coat hypertension [26]. Moreover, high-normal BP and prehypertension include a 
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rather wide BP range (19/9 mmHg in US classification and 9/5 mmHg in ESH clas-
sification) and there are no data comparing risk of CV disease between those who 
were labelled as prehypertensive according to the 4th Task Force definition and 
those who were diagnosed as high-normal BP according to the ESH paediatric 
guidelines. Nevertheless, the risk of developing PH in adulthood by prehypertensive 
children concerns all patients in a prehypertensive range, but those who had higher 
BP values will develop PH faster than those who had a lower range of prehyperten-
sive values [22]. The above-mentioned findings indicate that PH has its origin in 
childhood; the crucial period determining future BP trajectory and risk of develop-
ment of PH is puberty and the pubertal growth spurt.

1.7	 �High-Normal Blood Pressure/Prehypertension 
in Childhood and Risk of Hypertensive Target Organ 
Damage

Elevated BP leads to adaptive changes of the CV system which, when elevated BP 
is sustained and accompanied by immuno-metabolic abnormalities, eventually 
leads to hypertensive target organ damage (TOD). Although there are only few 
reports on early subclinical TOD in adolescents with high-normal BP/prehyperten-
sion, it is now clear that there is a continuous increase in the risk of hypertensive 
TOD across all spectrums of BP values. These early subclinical changes include an 
increase of left ventricular mass index (LVMi), increased carotid intima-media 
thickness (cIMT), increased stiffness of large arteries expressed as pulse wave 
velocity (PWV), endothelial dysfunction assessed as flow mediated dilation (FMD) 
and early remodelling of small capillaries.

It was found that LVMi of prehypertensive adolescents was greater than in nor-
motensive peers and did not differ significantly in comparison with hypertensive 
adolescents [27] and was of an intermediate nature between normotensive and 
hypertensive children [28]. Similarly, in a population study including 526 children 
aged 6–15 years, it was found that increasing BP and the presence of prehyperten-
sion (defined as BP in the 90–95th percentile) and arterial hypertension (but not 
obesity) were associated with concentric cardiac remodelling [15]. Heart rate, a 
clinical surrogate of the sympathetic drive, also increased within the BP category 
from normotension through prehypertension to hypertension. There is also evidence 
that arterial wall remodelling starts in prehypertensive youths. Although it was 
reported that prehypertensive adolescents had numerically increased cIMT in com-
parison with normotensive peers, significant differences were found in the carotid 
bulb and the internal carotid artery [28]. However, these alterations were modified 
by metabolic abnormalities which accompanied elevated BP.

Increased cIMT in prehypertensive adolescents is accompanied by increased 
stiffness of the arterial tree. It was reported that carotid-femoral, carotid radial and 
carotid-dorsal PWV were all significantly increased in prehypertensive adoles-
cents when compared with normotensives [28, 29]. It was also found that PWV of 
prehypertensive youths was intermediate between normotensive and hypertensive 
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subjects [28]. High-normal BP/prehypertension also exerts its effects on the level 
of microcirculation. Prehypertensive youths present with early remodelling of 
retinal arterial vessels which are expressed as central retinal arteriolar equiva-
lents, representing an average arteriolar diameter and are similar to those found in 
hypertensive adolescents and different from normotensive controls [30]. In sum-
mary, high-normal BP/prehypertension is associated with significant adaptive 
changes in the whole CV system, including the left ventricle, remodelled arterial 
and arteriolar walls and increased arterial stiffness. These changes are intermedi-
ate between those found in normotensive and hypertensive children. The above-
described early alterations of CV structure and function were modified by 
metabolic abnormalities and obesity. This is yet further evidence suggesting that 
high-normal BP/prehypertension is not an isolated hemodynamic alteration but 
rather a neuro-immuno-metabolic disease with hemodynamic consequences and 
signs of early vascular ageing [31, 32].

1.8	 �Risk of High-Normal BP/Prehypertension 
in Adolescence and Target Organ Damage 
and Cardiovascular Disease in Adulthood

At present it is evident from large longitudinal population studies, where elevated 
BP was defined as higher than the 90th percentile or 120/80 mmHg, that high-
normal BP/prehypertension in adolescence is related not only to adaptive changes 
detected in adolescence but also to the risk of development of hypertensive TOD 
and CV disease in adulthood. The data was obtained from four studies (The 
Muscatine Study, Bogalusa Heart Study, Young Finns Study and CDAH Study) in 
which BP was measured on a minimum of four occasions in adolescent subjects 
(11.9–14.6 years of age) followed for a mean of 23 years. Individuals with persis-
tently elevated BP (>90th percentile or >120/80  mmHg) had significantly 
increased cIMT in comparison with those who had optimal BP [33]. However, the 
risk of increased cIMT in early adulthood was lower if the subjects had elevated 
BP during adolescence which resolved by adulthood. Liang et al. also showed that 
the risk of development of PH and hypertensive arterial remodelling (increase of 
cIMT and carotid-femoral PWV) in early adulthood (mean age 34.5 years) was 
already increased in those adolescents who had a BP above the 80th percentile 
and below the 95th percentile, thus below the lower threshold of the prehyperten-
sive range [34].

1.9	 �How to Manage High-Normal Blood Pressure 
in Children and Adolescents

According to guidelines, high-normal BP should be treated with non-pharmacological 
measures [8]. The exception is that in children with diabetes mellitus (DM) or  
CKD, pharmacological therapy should also be instituted [35]. The basis of 
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non-pharmacological therapy is directed to main risk factors of PH and CV disease, 
i.e. obesity, associated metabolic abnormalities and physical inactivity. Thus, non-
pharmacological treatment is based on lifestyle changes with dietary advice and 
moderate to intensive physical activity of at least 60–90 min daily. Although the 
efficacy of physical aerobic exercise in young adults with prehypertension has been 
questioned recently, detailed analysis shows that it is quite effective when applied 
and accepted by individuals [36]. Recent meta-analysis of efficacy during physical 
exercise in young adults (mean age 42.2 years) with prehypertension, defined as BP 
above 120/80 mmHg and below 140/90 mmHg, revealed that after 3–6 months after 
starting the intervention, systolic and diastolic BP decreased on average by −4.4 
and 4.1  mmHg, respectively, but after 12  months this effect was lost. However, 
analysis of factors associated with the loss of hypotensive effects of physical exer-
cise revealed that it was due to an increasing rate of patient non-compliance. Thus, 
the main reason of low efficacy of physical exercise in young adults was the loss of 
interest and a return to their previous sedentary lifestyle. Interestingly, BP reduction 
was greater when physical exercise was of vigorous intensity, when it was super-
vised and when it was associated with significant weight loss. One of the most 
important factors associated with long-term success of this type of therapy was due 
to frequency and duration of contact with health care professionals. These findings 
underscore the fact that similarly to the pharmacological therapy, non-compliance is 
the main reason for the lack of effect of non-pharmacological therapy. The other 
conclusion is that young patients with high-normal BP/prehypertension are by defi-
nition less physically active and therefore organized/supervised programmes of 
moderate to vigorous physical activity would be more effective than self-directed 
low intensity activities. Such conclusions are supported by the results acquired dur-
ing treatment in adolescents with PH. Twelve months of pharmacological and non-
pharmacological treatment, based on angiotensin convertase inhibitors (ACEi) or 
angiotensin receptor blockers (ARB) and physical exercise in 86 adolescents with 
PH, caused normalization of BP in 70% of patients, a decrease in the prevalence of 
metabolic syndrome by 50%, normalization of markers of oxidative stress, along 
with the regression of left ventricular hypertrophy and subclinical arterial injury. 
However, the main determinant of TOD regression was not due to a decrease of BP 
but rather a decrease of waist circumference and amount of visceral fat, assessed by 
magnetic resonance [37].

There are only a few paediatric studies analysing the effects of non-
pharmacological treatment in children with high-normal BP/prehypertension. 
Most of them have included children with obesity who had elevated BP and who 
underwent programmes of dietary and physical activity treatment. Fapour-
Lambert et al. reported results from a 3-month randomized controlled trial on the 
effects of physical activity treatment in pre-pubertal obese children with elevated 
BP (high-normal BP/prehypertension and hypertension) [38]. The study showed 
that moderate intensity training over a 3-month period (60 min three times weekly) 
led to significant improvements in endothelial function measured as FMD and 
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nitroglycerin-mediated dilation, along with a decrease in BP and arterial stiffness. 
These changes were associated with a decrease in body fat and visceral fat. A 
subgroup of patients was followed for 2 years in whom beneficial effects of physi-
cal training on BP were sustained, especially in the children who decreased their 
body mass index [39]. Importantly, it occurred that the increased physical activity 
was maintained beyond the end of the 3 month intervention. This observation sug-
gests that lifestyle changes may be implemented with greater success in paediatric 
patients than in adults.

Although the role of dietary advice and dietary modifications has been well 
established, it seems that the effects of physical activity on BP and arterial function 
continue to be more significant. Woo et al. analysed the effects of diet along with 
diet plus exercise on arterial properties of obese children of a mean age of 10 years 
(9–12 years) [40]. He found that although both interventions led to a significant 
decrease of waist-to-hip ratio and the improvement of FMD within 6 weeks, these 
changes were of a greater magnitude when diet was combined with training. 
Importantly, these beneficial changes were even more evident after 1 year in the 
children who continued their dietary and physical activity programmes, yet 
decreased in those who resigned from the programme.

In conclusion, non-pharmacological interventions based on dietary modifica-
tions and physical activity of moderate to vigorous intensity not only lead to nor-
malization of BP but also exert beneficial effects on arterial structure and function 
by normalizing metabolic abnormalities.

1.10	 �High-Normal Blood Pressure/Prehypertension 
in Children with Chronic Kidney Disease and Diabetic 
Children

In contrast to the general population, children with CKD and those with DM, a BP 
in the high-normal/prehypertensive range is regarded as an indication for treatment 
and should be treated pharmacologically. In CKD, the reason for pharmacological 
treatment of high-normal BP/prehypertension is not only early prevention of CV 
disease, but also renoprotection based on ACEi or ARBs. The goal of BP lowering 
therapy depends on proteinuria; in children with proteinuria greater than 0.5 g/day, 
BP should be lowered below 50 pc of the 24 h mean arterial BP. In the absence of 
significant proteinuria, the BP should be lowered below 90 pc of the 24 h mean arte-
rial BP and preferably below 75 pc [31, 32, 35].

As in CKD, the aim of antihypertensive treatment in diabetic children is both 
early prevention of diabetic kidney disease and CV protection. In general, BP in 
diabetic children should be kept below 90 pc for age, sex and height. In both dia-
betic children and children with CKD, a more aggressive therapy is indicated along 
with close monitoring of BP by home BP measurements and repeated ABPM 
measurements.
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1.11	 �Summary and Perspectives

There is strong evidence that high-normal BP/prehypertension in childhood and 
adolescence tracks to adulthood, leads to early development of PH and represents a 
risk factor for CV disease in the fourth decade of life. The adaptive changes of the 
CV system associated with high-normal BP/prehypertension develop in childhood 
and are accompanied by neuro-immuno-metabolic abnormalities typical of PH and 
MS. Normalization of high-normal BP/prehypertension lowers the risk of develop-
ment of hypertensive TOD and CV disease in adulthood. Interventions based on 
lifestyle changes with dietary advice and increased physical activity are more effi-
cient when started early and include all family members, but long-term prospective 
studies are lacking in prehypertensive children. On the contrary, the close associa-
tion between increased arterial stiffness in adulthood and BP in the range of prehy-
pertensive values in childhood suggests that the threshold of abnormal BP should be 
lowered to the 90th percentile [41]. Consequently, adolescents with high-normal 
BP/prehypertension may benefit from a wider diagnostic workup with an assess-
ment of TOD and metabolic CV risk factors, combined with antihypertensive 
treatment.
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2History of Prehypertension: Past 
and Present, a Saga of 
Misunderstanding and Neglect

Reuven Zimlichman, Stevo Julius, and Giuseppe Mancia

The blood pressure measurements became an important clinical tool only a century 
ago, when Riva Rocci and Korotkoff demonstrated how to use sphygmomanometers 
to measure the blood pressure in clinical practice. During this relatively short period 
there was a substantial variation in the definitions of normal and pathologic blood 
pressure levels [1, 2]. The impact of this variability on the management or treatment 
of prehypertension and hypertension will be discussed later. At this point it is appro-
priate to underscore that already in ancient times, by evaluating the pulse, medical 
practitioners were capable to assess patient’s cardiovascular health. Ancient records, 
as far back as 2600 BC, reported that acupuncture, venesection [3], and bleeding by 
leeches were the sole means of treating what was called “hard pulse disease.” The 
Ashurbanipal Library at Nineveh (669–626 BC) contains details on the use of the 
latter two procedures [4]. Remarkable work was done by the Yellow Emperor of 
China (Chou You-J, 2600 BC), Wang (280 BC), and the Roman Cornelius Celsus 
[5]. Galen (131–201  AD) [6], Erisitrates, and Hippocrates [5] all recommended 
venesection. Sorovas of Ephesus in 120  AD recommended cupping the spine to 
draw out animal spirits [4]. Thanks to two students of medical history [3, 4] we can 
presently wonder about the wisdom of our ancient colleagues. As early as 2600 BC 
the Yellow Emperor explained that “In order to examine whether Ying or Yang 
prevail one must distinguish a gentle pulse from hard and bounding pulse. The 
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hearth influences the force and fills the pulse with blood.” Furthermore, he stated 
that “If too much salt is used in food, the pulse hardens.” He also understood the 
relationship between hypertension and congestive heart failure by stating that “when 
the pulse is abundant but tense and hard like a cord, there are dropsical spellings 
(edema).” Ancient doctors also understood the relationship between excessive food 
intake and negative health outcomes. Physical exercise as well as decrease in eating 
were routinely recommended. The Arabic text Al-Azkhora stated that “ Nothing is 
more harmful to an aging person than to have a clever cook and a beautiful 
concubine.”

Since the early nineteens, in the modern era of blood pressure measurement, 
when the use of sphygmomanometers became ubiquitous, the cutoff levels for nor-
malcy became a moving target and remained such, up till present times. In the late 
1950s, when thiazide diuretics were introduced, hypertension was defined as blood 
pressure levels greater than 180/100  mmHg. However, during the succeeding 
decades, based on the results of blood pressure lowering trials, the cutoff decreased 
considerably [7, 8].

In parallel with studies reporting results of antihypertensive treatment, epidemio-
logic investigations uniformly confirmed that elevation of blood pressure is a strong 
predictor of cardiovascular morbidity and mortality. However, the interpretation of 
these findings varied. In fact, the management of hypertension is a classic example 
of how, facing the same data, people may come to opposing conclusions. All 
branches of science must develop a nomenclature for the observed data. 
Unfortunately, in prehypertension and hypertension the semantics of some terms is 
confusing. A good example is the term “hypertonie essential” coined by Frank in 
1925 [9]. It is not quite clear why Frank chose the term “essential” but it can mean 
two different things. Essential may mean “absolutely necessary, extremely impor-
tant” but in medicine it also means “disease with not known cause, idiopathic.” One 
would think that such a semantic issue would not cause a problem, but the fact is 
that a group of physicians believed that the increased blood pressure is an appropri-
ate response to secure the perfusion of tissues in people with increased peripheral 
resistance. They predicted that lowering the blood pressure would have catastrophic 
consequences.

In the 1950s, the development of the first ganglionic blockers sharpened the dis-
pute about the benefit of blood pressure reduction. Mainly pioneering and progres-
sive physicians dared to treat their patients with ganglion blockers despite the 
serious side effects. While discussing the cost-effectiveness of treating severe 
hypertension, Pickering reported in 1961 that the five-year survival rate in malig-
nant hypertension was zero. But already in 1958, Dustan reported a survival rate of 
33% in patients treated with malignant hypertension [10]. The debate regarding the 
cost-effectiveness of treating hypertension continued. Nonetheless, the publication 
of the US Veteran study in 1967 reported dramatic improvement in survival in the 
subgroup of patients with diastolic blood pressure of about 110 mmHg [11]. By this 
point, treatment of hypertension was fully justified and the focus shifted to popula-
tions with milder forms of hypertension. In parallel, since the goal of treatment was 
to normalize the blood pressure, it was important to define normalcy.
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The term “normal” has numerous connotations, ranging from a statistical defini-
tion based on variables in healthy people to meanings such as “most common” and 
“most desirable” [12]. Furthermore, the term “normal” is problematic because it 
determines that what is not “normal” is “abnormal” [13]. A meta-analysis of epide-
miological cohort published in 2002 showed an association of a blood pressure 
reading of 115/75 mmHg with a minimal risk of cardiovascular mortality, and thus 
concluded that this constitutes an optimal blood pressure level [14]. However, this 
mean value did not provide information about the risk in individual subjects. 
Definitions of normal and abnormal blood pressure are further complicated by the 
fact that blood pressure, on a population level, is a continuous variable with a 
Gaussian distribution, i.e., without any clear point that would denote abnormality 
because the relationship between systolic and diastolic blood pressure and cardio-
vascular risk is continuous. In a large study that reviewed data of about one million 
individuals, mortality from cardiovascular disease increased exponentially from 
blood pressure levels as low as 115/75 mmHg, with an approximate doubling of the 
risk for every 20/10 mmHg increase above that level [14, 15].

Over time, various terms have been used to classify the degrees of hypertension 
such as mild, moderate, and severe hypertension; and systolic, diastolic, and systo-
diastolic hypertension. On the lower end of classification numerous terms were used 
to define the group of subjects whose blood pressure was slightly elevated above 
normal but not yet in the hypertension range. There was substantial research interest 
in this group but the nomenclature varied. The terms “borderline hypertension,” 
“high-normal blood pressure,” and “borderline blood pressure elevation” were most 
frequently used. In this millennium, in 2003, the American seventh report of the 
Joint National Committee on Hypertension revitalized the term “prehypertension” 
[8] and defined it as a blood pressure range of 120–139/80–89 mmHg. Nonetheless, 
this definition was controversial and many physicians felt that a large number of 
healthy individuals would be labeled as having as a medical diagnosis. This, in turn, 
might create anxiety and indicate pharmaceutical treatment in the absence of evi-
dence that lowering blood pressure from this range is beneficial. Previously, in 
1984, the Joint National Committee on the Detection, Evaluation and Treatment of 
High Blood Pressure introduced the concept of high-normal blood pressure (blood 
pressure in the 130–139/85–89 mmHg range), due to the concern that a moderate 
blood pressure elevation which was previously considered normal, could increase 
the risk of premature cardiovascular morbidity and mortality and lead to the devel-
opment of established hypertension much more frequently than the lower blood 
pressure range of normal or optimal blood pressure [16]. Nevertheless, the purpose 
of this action was only to promote awareness in order to stimulate lifestyle modifi-
cation and the document did not discuss whether and when should pharmacologic 
blood pressure lowering be considered.

It is well known that if patients are not receiving antihypertensive treatment their 
blood pressure will increase. The increase is exponential and with passage of time 
the rise becomes more and more rapid. Just as the size of skeletal muscles grows in 
response to repetitive increases of exercise, the smooth muscles in the resistance 
vessels (arterioles) also respond to repetitive bouts of higher blood pressure by 
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decrease of their lumen. This in turn increases the vascular resistance and blood 
pressure [17].

The fact that untreated blood pressure elevation increases exponentially [14] pro-
vided the rationale for the TROPHY (Trial of Preventing Hypertension) study. This 
trial [18] recruited 772 patients with blood pressure of 130–139 and/or 85–89 mmHg 
and followed them over a period of 4 years. One group was randomized to 4 years 
of placebo treatment and the other group was treated with the angiotensin receptor 
blocker candesartan for 2 years. After 2 years, patients in the candesartan group 
were switched to placebo. The hypothesis was that 2 years of previous treatment 
would prevent or postpone the development of stage 1 hypertension during the 
2 years of placebo observation. Following are the results of the study: (1) Treatment 
with candesartan was safe. Rates of adverse events during the 2 years of treatment 
were similar in both groups. (2) During the 4 years of observation nearly two-thirds 
of the placebo group developed stage 1 hypertension. Thus, marginal blood pressure 
elevation at baseline forecasts future hypertension and “prehypertension” is the 
appropriate term for patients whose baseline blood pressure is in the 130–139 and 
or 85–89 mmHg range. (3) The risk of new onset hypertension in the previously 
actively treated group was suppressed. Whereas the difference was statistically sig-
nificant, the actual difference was modest. The overall conclusion of the study was 
that pharmacological treatment of prehypertension is feasible but the findings were 
not sufficiently robust to mandate treatment.

The PHARAO study also showed that blood pressure lowering in prehyperten-
sion is safe using the angiotensin-converting enzyme inhibitor ramipril [19].

Whether subjects with a high-normal blood pressure need medical treatment had 
of course to be ultimately tested by trials in which the goal was prevention of car-
diovascular events. Little evidence of this kind has ever been made available, how-
ever, for two reasons. First, because in the high-normal blood pressure range 
cardiovascular risk is lower than in hypertensive patients these trials had to be larger 
or based on longer follow-up than usual trials, thereby representing a difficult 
research option. Second, trials showing (mostly by subgroup analysis) that reducing 
blood pressure from a high-normal range was accompanied by a reduction of car-
diovascular events had made use of patients already under antihypertensive treat-
ment, and thus most likely with an original frank blood pressure elevation, this 
being the case also for the meta-analyses of the available studies. The response in 
the media to the possibility of expanding treatment to this large subject category 
was also unsupportive and accusations like “disease mongering” were campaigned 
in the press.

In the above context, two recent important trials are ACCORD [20] and SPRINT 
[21] that aimed to determine the optimal target blood pressure to reduce morbidity 
and mortality, in type 2 diabetic and nondiabetic patients, respectively. Although the 
interpretation of their results has raised some controversy. These trials have scored 
in favor of blood pressure targets lower than the traditional ones (<140/90 mmHg) 
because patients randomized to an on-treatment systolic blood pressure <120 mmHg 
(achieved value slightly >120 mmHg) showed a reduction of cardiovascular out-
comes compared to patients randomized to <140  mmHg (achieved value about 
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135 mmHg), an incremental benefit that in SPRINT extended to all-cause mortality 
as well. These findings influenced the guidelines issued in November 2017 by the 
American College of Cardiology (ACC) and the American Heart Association 
(AHA) recommend the blood pressure target for treatment to be <130 mmHg sys-
tolic value in virtually all hypertensive individuals. The American guidelines rec-
ommended to lower the blood pressure range at which physicians should initiate 
antihypertensive drug treatment because in both trials initial systolic blood pressure 
was <140 mmHg, thereby falling in the high-normal blood pressure range. This is 
not immune from criticism, because as for the abovementioned data in both 
ACCORD and SPRINT patients received antihypertensive treatment at baseline. In 
the meantime, new data suggested that in untreated subjects with high-normal blood 
pressure blood pressure lowering does not reduce cardiovascular events. However, 
the exception is in patients who have a history of cardiovascular events and are 
therefore at very high risk. Presently the high-normal blood pressure range is con-
sidered to be a condition in which active blood pressure lowering treatment is indi-
cated, albeit only when background risk is elevated. This progress along the line 
formerly traced by the TROPHY study which championed years ago the idea that 
treatment might benefit subjects even before the state of established hypertension.

Extension of active antihypertensive treatment to the high-normal blood pressure 
range has prompted the ACC/AHA guidelines to modify the classification of hyper-
tension stages, stage 1 being now the former prehypertension [22]. The implementa-
tion of the recently proposed definition for hypertension will classify nearly half 
(46%) of the adult US population as hypertensive. The new guidelines do not neces-
sarily mean that half the adult population in the USA and in other developed coun-
tries should receive medical treatment. Rather, the focus is on individuals with a 
suboptimal blood pressure, in an effort to convince them to make lifestyle changes 
and to reduce their cardiovascular risk. Nonetheless, the number of persons that will 
be treated with pharmacologic agents will increase and this will include patients 
who were not pharmacologically treated before.

Due to the changing definition of hypertension over the course of decades, it was 
only natural that the definition of prehypertension would change too. For many 
years, the notion was widely accepted that “the higher the blood pressure, the higher 
the morbidity and mortality.” Diagnosing and treating persons in the higher blood 
pressure group has been recognized as the main goal, due to their propensity to 
faster and more severe end-organ damage. However, the fact that the total number 
of persons with prehypertension outnumbers those with overt hypertension has been 
underestimated. Moreover, therapeutic options in the early 1900s were very limited, 
and entailed severe side effects. Treatment with medications such as ganglion block-
ers was known not to be simple, due to the multiple side effects that impaired qual-
ity of life. Thus, the cost-effectiveness of the treatment was justified mainly for high 
risk patients.

Surprisingly, during this period, most of the information about blood pressure on 
the population level, and associated risks of morbidity and mortality, was accumu-
lated by insurance companies and these data were evaluated by physicians and 
medical statisticians employed by these companies. The insurance viewpoint of an 

2  History of Prehypertension: Past and Present



22

impairment differs from the clinical viewpoint, yet they do not contradict one 
another. Clinical studies and insurance medicine benefited greatly from each other, 
and this was true in the early 1900s as it is today. The difference between the 
approaches is that insurance medicine deals mainly with data of large groups, while 
clinical medicine focuses on individuals. However, to benefit individuals, clinical 
medicine needs information about morbidity and mortality in large populations 
[23]. Life insurance companies mainly study mortality, but also morbidity. Clearly, 
all people die eventually, but insurance companies determine the longevity of sub-
groups of populations and correlate them with various medical conditions. Clinical 
medicine deals more with quality of life, while insurance medicine deals with finan-
cial aspects of prognosis. Insurance companies deserve credit for most of the early 
knowledge that was available to clinicians regarding blood pressure levels and risk. 
We note that in the past, not all physicians had equipment for blood pressure mea-
surement, nor knowledge of correctly measuring blood pressure.

To fully understand historical attitudes, we will briefly review the development 
of blood pressure measuring and the difficulties encountered in determining prehy-
pertensive and hypertensive levels.

Sodium restriction was advocated after the role of sodium in hypertension was 
demonstrated in 1904, and the rice diet of Kempner was popularized in the early 
1940s. Sodium thiocyanate was the first chemical substance to be used in the treat-
ment of hypertension, by Treupel and Edinger in 1900, and later by Hines at the 
Mayo clinic; it was potentially toxic, side effects were many, and it subsequently 
became unpopular.

In 1978 the WHO defined hypertension as blood pressure levels above 
160/95 mmHg, and normotension as levels less than 140/90 mmHg. Blood pressure 
levels between these two cutoff values were defined as borderline hypertension [23].

Many experts have defined borderline hypertension as intermittent blood pres-
sure levels above 150 mmHg systolic or 90 mmHg diastolic pressure [24]. The 
Ann Arbor group previously defined borderline hypertension as at least one dia-
stolic measurement below 90 mmHg diastolic among five blood pressure mea-
surements [25]. Since arterial pressure increases with age, these definitions have 
their limitations. Thus, many investigators have defined target blood pressure 
ranges according to age groups. Such definition disregards the presence or absence 
of end-organ damage. In addition, transient elevations in blood pressure have 
raised debate as to whether these are sufficient to classify a person with borderline 
hypertension. Moreover, different terminologies have been used, such as the term 
“labile hypertension,” which implies increased blood pressure variability. 
Furthermore, several studies have demonstrated a lack of correlation between the 
absolute level of blood pressure and its variability. Blood pressure has been shown 
to fluctuate in normotensive individuals also. Considering the above, it is not sur-
prising that excessive variability of blood pressure has never been established as 
a feature of borderline hypertension [25]. The five highest and five lowest blood 
pressure measurements during a 24 h recording were shown not to correlate to 
cardiovascular morbidity, while average blood pressure levels carry with them 
important predictive power [26].
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The term prehypertension signifies a condition that most always leads to hyper-
tension. Thus, this diagnosis indicates increased risk of cardiovascular morbidity 
and mortality. Patients should be informed of their condition, and encouraged to 
make every effort to change their destiny, by adopting measures that will lower 
blood pressure and protect them from developing hypertension.

Over the years, the definition of hypertension has changed quite frequently and 
the definition of prehypertension has changed accordingly. The recent AHA 2017 
definition actually added the 130–140/80–90 mmHg range, which was previously 
classified as prehypertension, to the hypertensive range, with the diagnostic and 
therapeutic implications of such [22]. Defining the limits of prehypertension and 
hypertension is problematic since there is no dispute that arterial pressure is a con-
tinuous variable and when converted to a logarithmic scale is Gaussian in shape.

The most recent definition of the AHA will likely be disputed by many, and prob-
ably by the upcoming guidelines of the European Society of Hypertension, which 
are currently being finalized. Nonetheless, as mentioned, the courageous definition 
of the ACC/AHA is not new. In 1930, this was the definition stated by Dr. Lewellys 
S. Barker of Johns Hopkins University [16]. Dr. Barker stated that “In adults, sys-
tolic blood pressure about 140 mm in the male and above 130 in the female, when 
it is more than transitory from physical exertion or emotional excitement, is looked 
upon as a pathological increase.”

Since blood pressure measuring was deemed compulsory in all insurance policies, 
huge amounts of data about blood pressure levels and outcomes have accumulated. 
The average blood pressure of all adults of all ages has been found in life insurance 
examinations to be 127 mm systolic and 83.5 mm diastolic [16]. From outcome insur-
ance information, the lowest mortality was shown in persons with levels somewhat 
lower than the average. Sir Thomas Lewis stated in 1933 that in healthy individuals, a 
blood pressure level below average is an asset, from the standpoint of longevity. Due 
to the very high relevance of blood pressure level to predicting morbidity and mortal-
ity, insurance companies established tables of mean blood pressure measurements 
according to age groups and their correlation to health and survival outcomes.

The increase in average blood pressure with age is well known, as is the correla-
tion of average blood pressure at various age groups with life expectancy. However, 
based on insurance company data, if blood pressure remains stable for 20, or even 
15 years, then at age 60 years, our prospect for a longer life will be correspondingly 
increased [16].

Blood pressure reduction was not always considered beneficial. The body build 
and blood pressure study, performed by the US Society of Actuaries in 1939, showed 
that among persons with diastolic blood pressure of 88–92 mmHg, mortality was 
100% above the average risk for the population. Thus, they concluded that blood 
pressure lowering may be advantageous [27]. However, during those years (the 
early 1940s) the prevailing concept of essential hypertension was that blood pres-
sure elevation was essential to perfusion of various organs. An increase in blood 
pressure was considered a compensatory reflex regulation to preserve tissue perfu-
sion. Thus, interfering with this reflex was considered as impairing tissue perfusion 
and to be potentially deleterious [28].
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The use of ganglion blockers caused several problems. A search was under-
taken for patients with stable, severe hypertension for treatment. Treatment of 
severe hypertension with those “toxic” drugs was limited to patients with “true” 
hypertension. Patients with labile hypertension were not considered for this treat-
ment because they did not have “established” hypertension [29]. They were 
assumed to have excessive blood pressure variability, a statement that was never 
proven. In 1945, Levy et  al. showed that transient hypertension predicts future 
established hypertension with end-organ damage and the development of cardio-
vascular events [29].

Another problematic matter regarding the treatment of hypertension during the 
middle of the last century was the idea that patients with labile hypertension were 
only “nervous” and that tachycardia is a good marker for their nervousness. It is 
evident today, as it was in the past, that prehypertension and tachycardia are strong 
predictors of negative outcomes and that they are present in a large proportion of the 
population.

In recent years three major studies evaluated the benefit of treating patients with 
blood pressure in the prehypertensive range. The TROPHY trial [18] was designed 
to investigate whether pharmacologic treatment of prehypertension prevents or 
postpones stage 1 hypertension. Individuals with systolic blood pressure of 130–
159 and diastolic blood pressure of 85–90 mmHg were randomized to 2-year treat-
ment with candesartan or a placebo, followed by 2 years of treatment of a placebo 
to both groups. When participants reached hypertension, antihypertensive treatment 
was initiated. After 4  years, hypertension occurred less in the treatment group. 
Treatment during 2 of the 4 follow-up years resulted in a lower incidence of hyper-
tension [18, 30].

The ACCORD study aimed to determine the target range of blood pressure. A 
total of 4753 diabetic patients were randomized to two groups. One group was 
treated with standard therapy that targeted systolic pressure to levels of 140 mmHg 
and below, while in the second group, blood pressure levels were targeted to less 
than 120 mmHg. The mean follow-up period in both groups was 4.7 years. The find-
ings of the study showed that for patients with type 2 diabetes at high risk for car-
diovascular events, targeting a systolic blood pressure of less than 120  mmHg 
compared to less than 140 mmHg did not reduce the rate of the composite outcome 
of fatal and nonfatal cardiovascular events [20].

The SPRINT study [21] also aimed to identify the most appropriate target range 
of systolic blood pressure to reduce cardiovascular morbidity and mortality, albeit 
in a larger sample (9361 persons) than the ACCORD study, and among persons 
without diabetes [21]. The results showed that among persons with systolic blood 
pressure of 130 mmHg or higher, and with elevated cardiovascular risk but without 
diabetes, targeting a systolic blood pressure of less than 120 mmHg, compared with 
less than 140 mmHg, yielded lower rates of fatal and nonfatal major cardiovascular 
events and death from any cause, although significantly higher rates of some adverse 
events were observed in the intensive treatment groups [21].

In summary: About 100  years ago, elevated blood pressure was considered a 
natural compensatory phenomenon that preserved tissue perfusion. However, 
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clinical evidence and research subsequently proved otherwise: elevated blood pres-
sure has become recognized as a cardiovascular risk factor, and treatment of hyper-
tension has been shown to reduce cardiovascular morbidity and mortality.

Several erroneous concepts have hindered the understanding of the development 
of hypertension and its progression through the stage of prehypertension. Only after 
many years did physicians finally recognize the importance of tachycardia, which 
had been interpreted as a sign of “nervousness.” The importance of this marker, 
which implies sympathetic activation that leads to the development of hypertension, 
was ignored. Another wrong concept was the notion of “labile” versus “established” 
hypertension, which led to the idea that hypertension is due to overreaction to stress 
and that repeated episodes of elevated blood pressure are markers of the future 
development of established hypertension.

Since cardiovascular risk is greater in patients with severe hypertension than 
prehypertension, during a time period in which only limited therapeutic options 
were available, and such options were associated with substantial side effects, it was 
only natural that the main effort of “salvage of end organs” from hypertension 
focused on patients with severe and established hypertension. However, with the 
emergence of effective medications with minimal side effects, addressing prehyper-
tension is recognized as important and feasible, for the prevention of future cardio-
vascular disease.
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3Parental History of Hypertension 
as the Determinant of Cardiovascular 
Function

Katarzyna Stolarz-Skrzypek and Danuta Czarnecka

Parents’ health influences the overall, including cardiovascular, health of their off-
spring, and the effect of a genetic basis and positive family history exists in the 
development of cardiometabolic risk in children [1]. Offspring usually imitate the 
unhealthy lifestyle habits of their parents, such as an unbalanced diet, smoking, and 
physical inactivity, and such shared family habits can also lead to an increased risk 
for cardiometabolic diseases.

Determination of blood pressure in related and unrelated individuals in a 
Tecumseh community and calculation of heritability have suggested that genetic 
components and shared household environment contribute to familial aggregation 
of blood pressure elevation [2]. Blood pressure correlation between parents and 
biological offspring (r = 0.32 for systolic and r = 0.37 for diastolic blood pressure) 
was significantly closer than that between parents and adopted offspring (r = 0.09 
and r = 0.10, respectively, for systolic and diastolic blood pressure) [3].

In the European Project on Genes in Hypertension (EPOGH) the investiga-
tors reported high heritability of various other cardiovascular phenotypes, 
including left ventricular mass [4], left ventricular diastolic function [5], and 
vascular properties [6].

In the recent years, the number of evidence has been accumulated that the unfa-
vorable change in the cardiovascular structure and function precede the develop-
ment of hypertension among the offspring of hypertensive parents.
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3.1	 �Blood Pressure

Associations of parental hypertension with blood pressure elevation in offspring 
have been indicated by number of cross-sectional studies.

Subjects with a family history of parental hypertension are reported to have a 
slightly higher office blood pressure in the prehypertensive stage [7].

In an early study by Parati et al., normotensive subjects with both parents hyper-
tensive were characterized by a significant although mild increase in their blood 
pressure values recorded either at rest and in ambulatory conditions over the 24 h, 
including night sleep, as compared to normotensive subjects with one parent hyper-
tensive or normotensive subjects with no parental hypertension [8].

In a cross-sectional sample of 217 men and 196 women, selected from the gen-
eral Caucasian population of Rochester, Minnesota, in the multivariate analyses, 
paternal but not maternal history of hypertension contributed to the probability of 
having hypertension in men. Neither paternal nor maternal history of hypertension 
made a statistically significant contribution to the probability of having hyperten-
sion in women [9].

Overwhelming evidence has been recently provided by the longitudinal studies.
In a study by Burke et al., by the time offspring were aged 9 years, systolic blood 

pressure was significantly higher in sons and daughters of hypertensive fathers than 
it was in sons and daughters of normotensive fathers. When they were aged 18 years, 
paternal hypertension predicted blood pressures in men and women independently 
of their weight at birth, fitness, alcohol consumption and weight for height for age. 
Systolic blood pressures increased more rapidly (by 0.6 mmHg/year) in men with 
hypertensive fathers [10].

Van den Elzen et al. examined the relationship between natural history of blood 
pressure in children aged 5–19 years and level of blood pressure in their parents. 
Cardiovascular risk factors were measured annually from 1975 through 2002. 
Repeated blood pressure measurements were studied as a function of tertiles of 
age-adjusted blood pressure measured in their parents at baseline. They found that 
systolic blood pressure was consistently higher by 2.7  mmHg from the age of 
5 years to the age of 40 years in subjects with parents in the highest tertile of sys-
tolic blood pressure, whereas such a parallel shift was not observed for diastolic 
blood pressure [11].

Wang et al. recruited university students, but they used only data from white men 
in their analysis. The blood pressure–age relationship within the age range of 
20–80 years was shifted upward by ≈2 mmHg in subjects with a parental history of 
hypertension compared with that in subjects without a parental history [12].

The effects of parental hypertension on longitudinal trends of blood pressure 
were examined in 2607 subjects (1095 men and 1512 women) who participated in 
the Tanno-Sobetsu Study from 1977 to 2006. In both men and women with and 
without parental hypertension, systolic blood pressure increased from the third to 
eighth decades of life, whereas diastolic blood pressure followed biphasic (inverted 
U shape) time course during that period. However, the relationships between the 
parameters and age were significantly shifted upward (by ≈5.3 mm Hg in systolic 
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blood pressure, 2.8 mmHg in diastolic blood pressure) in the group with parental 
hypertension compared with those in the group without parental hypertension. Both 
paternal and maternal histories of hypertension were determinants of systolic blood 
pressure and diastolic blood pressure, and there was no significant interaction 
between the sides of parental history [13].

3.2	 �Heart and Vessels

Available evidence is relatively small with regard to morphological and functional 
changes in the left ventricle in subjects with positive family history of 
hypertension.

In the Strong Heart Study there was shown a significantly higher thickness of 
intraventricular septum and left ventricular mass in adolescents and young adults 
with normal and high normal blood pressure compared to individuals with optimal 
blood pressure [14].

In the case–control study of normotensive men with positive family history of 
hypertension and their counterparts without such family history, parental hyperten-
sion was independently associated with higher left ventricular relative wall thick-
ness, an early index of concentric remodeling [15].

Furthermore, Grandi et al. showed that normotensive young adults with high 
genetic risk for hypertension (two parents hypertensive) have higher blood pres-
sure and thicker and overactive left ventricle as compared to subjects with normo-
tensive parents. Handgrip stimulated left ventricular function in offspring of 
normotensives, but not the already hyperkinetic left ventricle of offspring of 
hypertensive parents [16].

Moreover, in the Hypertension Genetic Epidemiologic Network (HyperGEN) it 
was shown that in this large, population-based cohort of nonhypertensive offspring 
of hypertensive parents, ethnic differences in hemodynamic and echocardiographic 
profiles exist. Nonhypertensive African American offspring had more abnormalities 
in left ventricular function than their white counterparts. The authors postulated that 
these abnormalities may be a precursor of the observed earlier appearance of cardio-
vascular disease in African Americans compared with whites [17].

In the study by Zizek et al., in normotensive individuals with family history of 
hypertension, left ventricular morphological and functional changes were found. 
Offspring of hypertensive families had higher left ventricular mass index and worse 
left ventricular diastolic function than control subjects (lower E/A ratio, lower E(m) 
and E(m)/A(m) ratio). Moreover, it was demonstrated that an increase in left ven-
tricular mass and alterations in left ventricular diastolic function are related to endo-
thelial dysfunction [18].

Among individuals recruited for the Bergen Blood Pressure Study, offspring of 
hypertensive families had lower transmitral early/late peak flow velocities and 
higher transmitral late peak flow velocities than offspring of normotensive families, 
but the differences between groups became inconsistent after adjustment for con-
founding variables (including left ventricular structural parameters). On the other 
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hand, the family history of hypertension was consistently associated with increased 
transmitral early peak flow velocity and increased transmitral acceleration and 
deceleration slopes, a pattern suggesting increased left ventricular stiffness [19].

Increased carotid intima-media thickness is considered as an early and valuable 
cardiovascular risk marker. However, information about the impact of the family 
burden of hypertension on the remodeling of large vessels in young healthy people 
are limited.

In the study by Cuomo et al., carried out in 29 participants with parental history 
of hypertension, higher values of carotid intima-media thickness were found com-
pared to offspring of normotensive parents, also after accounting for blood pressure, 
body mass index, smoking, lipid levels, apolipoproteins, and lipoprotein (a) [20].

In offspring aged 14–30  years, central augmentation index assessed with 
SphygmoCor device was significantly higher in subjects with at least one hyperten-
sive parent, after adjusting for sex, age, body mass index, heart rate, smoking ciga-
rettes, total serum cholesterol, and C-reactive protein [21].

Augmentation index, but not brachial pulse wave velocity, was reported as sig-
nificantly higher in middle-aged offspring of hypertensive parents compared with 
control subjects [22].

Rajzer et  al. in a group of 70 young adults with normal blood pressure after 
accounting for confounding factors did not find any difference in carotid-femoral 
pulse wave velocity in relation to family history of hypertension [23].

In a case–control study of 67 normotensive children whose parents had a diagno-
sis of essential hypertension and 39 normotensive children with no parental history 
of hypertension, carotid intima-media thickness were significantly different in the 
study group compared with the control group among all age groups. Aortic systolic 
and diastolic diameters were larger in normotensive children of hypertensive par-
ents compared with the control group [24].

In the EPOGH cohort, normotensive offspring who had at least one hypertensive 
parent as compared to normotensive offspring of two normotensive parents had 
higher central augmentation index and pulse wave velocity. However, complex 
adjustment including mean arterial pressure and age removed the differences 
between the offspring in the measures of arterial stiffness [6].

In a sample of 1564 nonhypertensive Framingham Heart Study third-generation 
cohort participants (mean age: 38 years; 55% women) whose parents were enrolled 
in the Framingham Offspring Study, parental hypertension was associated with 
greater offspring mean arterial pressure and with greater forward pressure wave 
amplitude. Carotid-femoral pulse wave velocity and augmentation index displayed 
similar dose-dependent relations with parental hypertension in sex-, age-, and 
height-adjusted models, but associations were attenuated on further adjustment. 
Offspring with at least one parent in the upper quartile of augmentation index and 
carotid-femoral pulse wave velocity had significantly higher values themselves. 
These observations are consistent with higher vascular stiffness at an early stage in 
the pathogenesis of hypertension [25].

Gopinath et al. showed that a positive parental history of hypertension in healthy 
prepubertal girls, but not boys, is associated with narrower retinal arteriolar vessels, 
likely conveying a predisposition to develop hypertension later in life [26].
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3.3	 �Biochemical Disturbances and Life Style

Accumulating epidemiological studies have shown that healthy offspring of hyper-
tensive patients exhibit some metabolic disturbances such as hyperinsulinemia, 
insulin resistance, lipid disorders, elevated plasma leptin levels, and reduced insulin 
receptor number, features that may be predictors of future cardiovascular events.

A Japanese study showed that a maternal history of hypertension was signifi-
cantly associated with the risk of overweight in children [27].

Normotensive adolescent offspring with hypertensive parents were found to have 
significantly higher serum insulin levels, which indicates that insulin resistance pre-
cedes the onset of clinical hypertension in persons genetically predisposed to hyper-
tension [28].

Over 10 years of follow-up of 557 young, nonobese Japanese men who were 
normotensive at entry, development of hyperinsulinemia was more pronounced in 
the subjects with a positive family history of hypertension [29].

Furuhashi et al. observed that plasma level of adiponectin, a biomarker correlat-
ing with insulin sensitivity, was lower in young men with a parental history of 
hypertension [30].

Moreover, it was demonstrated that number of insulin receptors is reduced in the 
erythrocytes of healthy offspring of hypertensive patients in comparison to the off-
spring of healthy normotensive subjects [31].

Papadopoulos et al. showed that insulin and resistin plasma levels were signifi-
cantly higher, while adiponectin levels were significantly lower in 18  years old 
healthy offspring of patients with essential hypertension-positive family history 
[32].

A recent study in 554 Korean adolescents aged 13–19 years showed that a paren-
tal history of hypertension indicates a greater risk for elevated alanine transaminase 
(ALT) in teenagers, suggestive of nonalcoholic fatty liver disease (NAFLD) [33].

In the long-term observation of the Bogalusa Heart Study, the offspring of hyper-
tensive parents displayed overweight regardless of age, higher levels of blood pres-
sure after age 10 years, and elevations of triglycerides and VLDL cholesterol after 
age 24 years irrespective of weight [34].

Some groups also reported elevated total serum cholesterol [35] and higher 
serum glucose [36] in offspring of hypertensive as compared to offspring of normo-
tensive parents.

In the Odense Schoolchild Study, children aged 8–10 years with a parental his-
tory of hypertension displayed a significant decrease in physical fitness and a sig-
nificant increase in obesity and systolic and diastolic blood pressure compared with 
the rest of the population. After controlling for differences in body size and physical 
fitness, they also showed significantly higher levels of systolic and diastolic blood 
pressure [37].

Shook et al. studied fitness and incident hypertension in 6278 participants who 
were given a preventative medical examination. Thirty-three percent reported a par-
ent with hypertension, and there were 1545 cases of incident hypertension after a 
mean of 4.7 years. Individuals with both a low level of fitness and a parent with 
hypertension exhibited a 70% higher risk for developing hypertension compared 
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with high-fit individuals with no parental history. However, individuals with a high 
level of fitness and a parent with hypertension only experienced a 16% higher risk 
of developing hypertension compared with fit individuals with no parental history. 
This significantly lower risk of developing hypertension when progressing from 
low- to high-fit groups among those with a parental history of hypertension has 
important clinical implications [38].

3.4	 �Cardiovascular Regulation

To investigate whether parental hypertension affects children’s cardiovascular reac-
tivity over time, a longitudinal study of 315 students was conducted in the public 
schools of Obion County, Tennessee. The CVR task was a series of video games 
(taking approximately 10 min to play) given to the same students in their third-, 
fourth-, fifth-, seventh-, and eighth-grade years. Cardiovascular reactivity was 
defined as the change in blood pressure or heart rate between before playing and 
while playing the video game. Increased cardiovascular reactivity was observed in 
children with parental hypertension compared with children without parental hyper-
tension but was statistically significant only for systolic blood pressure after adjust-
ment for covariates [39].

Among 220 healthy men and women, aged 22–50 years, who completed two 
24 h ambulatory blood pressure monitoring sessions, women with two hypertensive 
parents and elevated norepinephrine levels had higher systolic and diastolic blood 
pressure during waking and sleep periods. In men the combination of two hyperten-
sive parents and high norepinephrine was related only to diastolic blood pressure 
during waking [40].

In a case–control study, Pitzalis et al. noticed a shorter resting RR interval and a 
blunted autonomic modulation of heart rate among offspring of hypertensive par-
ents [41]. In line with this case–control study, in a population-based family study we 
found among subjects with a positive family history of hypertension a shorter RR 
interval and a diminished regulation of autonomic balance upon standing [42].

3.5	 �Impact of Hypertensive Disorders of Pregnancy

An accumulating body of evidence suggests that offspring of mothers with pre-
eclampsia have higher blood pressure during childhood and young adulthood com-
pared with offspring of women without preeclampsia.

In the data for mother-offspring pairs from a United Kingdom prospective birth 
cohort (the Avon Longitudinal Study of Parents and Children), systolic and diastolic 
blood pressures were higher in offspring of mothers with gestational hypertension 
(mean difference, 2.06 mmHg) and preeclampsia (1.12 mmHg) compared with off-
spring of mothers without hypertensive disorders of pregnancy, adjusting for poten-
tial confounders (age, sex, maternal age at delivery, household social class, 
prepregnancy body mass index, parity, and smoking in pregnancy) [43].
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Also in a subsample of 2608 mother-offspring pairs followed for 21 years from 
an original cohort of 7223 singleton infants whose mothers gave birth in Brisbane, 
Australia, between 1981 and 1983, unadjusted regression analysis showed that off-
spring of women who experienced hypertensive disorder of pregnancy have 
3.46   mmHg greater systolic and 3.02  mmHg greater diastolic blood pressure at 
21  years. This association remained consistent after adjusting for potential con-
founding and mediating factors including offspring gender, age, percentile birth 
weight for gestation, placenta weight and body mass index at 21 year, maternal age, 
education, racial origin, and smoking during pregnancy and their prepregnancy 
body mass index [44].

Adolescent offspring exposed to maternal preeclampsia have greater relative 
wall thickness and reduced left ventricular end-diastolic volume, which could be 
early signs of concentric remodeling and affect future cardiac function as well as 
risk of cardiovascular disease [45].

According to the recent meta-analysis, maternal hypertensive disorders do 
appear to be associated with adverse changes in cardiovascular risk in adult off-
spring, including raised body mass index, overweight and obesity and higher blood 
pressure. These findings are consistent with those from studies of offspring child-
hood and early adulthood. This supports the hypothesis that the offspring of women 
with hypertensive disorders in pregnancy have a risk of clinical cardiometabolic 
events later in life, including hypertension and stroke [46].

�Conclusion
Evaluating the history of parental hypertension could be helpful in predicting 
offspring with a higher risk of developing cardiometabolic diseases, even in the 
preclinical stage. The collection of parental history of hypertension should also 
include the information concerning hypertensive disorders of pregnancy in the 
mother.

Offspring of hypertensive parents are characterized by elevated blood pres-
sure, alterations in cardiac and arterial structure and function, and biochemical 
disturbances, even before the development of sustained hypertension. Therefore, 
preventive measures of and early intervention for cardiometabolic risk in indi-
viduals with parental hypertension should be reinforced, with particular attention 
towards offspring of both hypertensive parents.
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Highlights

•	 Prehypertension is a precursor of hypertension in a high proportion of 
individuals.

•	 Several factors may predispose to the development of prehypertension including 
uric acid, dietary salt intake, arterial stiffness, autonomic imbalance, obesity, and 
subclinical inflammation.

•	 Progression of prehypertension to hypertension has been associated with visceral 
abdominal fat, sympathetic overactivity, sympathovagal imbalance, endothelial 
dysfunction, impairment of coronary flow reserve, and metabolic syndrome. 
Age, gender, ethnicity, and baseline blood pressure may also affect the incidence 
of hypertension.

•	 Prehypertension is associated with increased risk for coronary heart disease, 
stroke, chronic kidney disease, and cardiovascular death, but not all-cause 
mortality.

•	 Lifestyle measures and antihypertensive drugs may delay or even prevent the 
progression of prehypertension to hypertension.
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4.1	 �Introduction

The concept of “predisease” was first used over a century ago, when a “precan-
cerous” state was described for several tumors, delineating the process from 
normal tissue morphology to neoplastic development [1–3]. The aim of the 
“predisease” term was mainly to identify malignancies at an earlier asymptom-
atic stage in an effort to attenuate the progression to overt disease through spe-
cific intervention.

The term “prehypertension” was first used by Robinson and Brucer in 1939 
[4]. In a landmark study of 10,883 men and women living in Chicago, they evalu-
ated a range of normal blood pressure (BP) and drew attention to a “danger zone” 
of BP at 120–139/80–89 mmHg. Participants with BP within this “danger zone” 
were designated as prehypertensive, stating that: “… there is a difference in the 
daily changing tensions of the vascular system in the healthy and in the prehyper-
tensive person” and “… about 40% of the adult population is prehypertensive or 
hypertensive” [4].

The term prehypertension did not gain wide recognition and was almost forgot-
ten for many decades until the Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC-7) 
re-introduced the term at 2003 [5]. According to the JNC-7 report: “... prehyperten-
sion is not a disease category. Rather it is a designation chosen to identify individu-
als at high risk of developing hypertension, so that both patients and clinicians are 
alerted to this risk and encouraged to intervene and prevent or delay the disease 
from developing” [5]. Prehypertension is defined as systolic BP (SBP) values 
between 120 and 139  mmHg and/or diastolic BP (DBP) values between 80 and 
89 mmHg. Prehypertension can be further categorized in stage I and stage II prehy-
pertension (120–129 and/or 80–84  mmHg and 130–139 and/or 85–89  mmHg, 
respectively).

The relationship between BP and future cardiovascular (CV) events is continu-
ous and graded [6]. Therefore, using a dichotomous approach (hypertension—
normotension) or a trichotomous approach (hypertension—prehypertension— 
normotension) is arbitrary and can only be justified as the effort to draw the line for 
individuals who will benefit from an intervention. In order to use the “prehyperten-
sion” term as a clinically meaningful description of a group of individuals, three 
major requirements need to be fulfilled: (a) the risk of developing hypertension 
should be markedly higher in people with prehypertension compared with those 
without prehypertension, (b) the risk of future CV events should be substantially 
greater in prehypertensive compared with normotensive individuals, and (c) effec-
tive intervention (e.g., lifestyle modification or pharmacological therapy) should 
substantially reduce the detrimental consequences of prehypertension (the progres-
sion from prehypertension to hypertension and future CV events), with the benefits 
of intervention exceeding its harms.

This review aims to address and critically discuss the first two aspects: the pro-
gression from prehypertension to hypertension and the risk for future CV events 
conferred by prehypertension.
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4.2	 �Progression from Prehypertension to Hypertension

Hypertension is a progressive disease with constant BP elevation over time, mainly 
due to structural and functional alterations of the vasculature [7]. The Framingham 
study offered significant information on the residual lifetime risk for developing 
hypertension in middle-aged individuals. Among 1298 participants aged 
55–65 years, the residual lifetime risk for incident hypertension was 90% for both 
male and female participants, and for both 55- and 65-year-old participants at base-
line [8]. In other words, almost all of us will develop hypertension if we live long 
enough. The real question is whether all individuals with normal BP are at the same 
risk to develop hypertension or patients with higher BP values (prehypertension) are 
at increased risk for incident hypertension compared with lower BP (optimal BP). 
The landmark study by Robinson and Brucer was the first to report the impact of 
prehypertension on incident hypertension stating that “… men with moderately 
high systolic pressures (120–140 mmHg) at any age, but especially in the younger 
group, are probably the ones who will have hypertension years later,” and that pre-
hypertension “… is an almost infallible sign of incipient hypertension” [4]. The risk 
of progression from prehypertension to hypertension has been addressed in several 
studies. Relevant data comes from large longitudinal cohorts in various populations 
or the placebo arm of randomized studies.

The first longitudinal study that specifically addressed the progression from pre-
hypertension to hypertension was the Framingham study [9]. A total of 5209 men 
and women were followed for 26 years. The proportion of males who developed 
hypertension during the 26-year follow-up period was 70.6% in men with high-
normal BP vs. only 33.2% in men with normal BP [relative risk (RR): 2.11; 95% 
confidence interval (CI): 1.81–2.50]. Similar differences were observed in females: 
77.7% of women with high-normal BP developed hypertension compared with only 
41.9% of women with normal BP (RR: 1.90; 95% CI: 1.60–2.30). Moreover, the 
age-adjusted RR for incident hypertension in participants with high-normal BP was 
3.36 for males and 3.37 for females. It has to be acknowledged, however, that the 
definitions of hypertension, prehypertension, and optimal BP were different than 
the ones currently used. In particular, hypertension diagnosis was based on DBP 
alone (>90 mmHg), prehypertension was defined as DBP 80–89 mmHg and SBP 
<140 mmHg, and normotension was defined as BP <140/85 mmHg. Therefore, the 
findings of the study are representative of stage II prehypertension compared with 
lower BP (stage I prehypertension and optimal BP).

An updated report of the Framingham study about a decade later overcame the 
definition problems [10]. Overall, 9845 individuals aged 35–94 years were eligible 
for analysis of a 4-year follow-up period. In total, progression to hypertension was 
twice as frequent in older than in younger participants (35 vs. 16%, respectively). In 
younger participants (35–64 years), progression to hypertension occurred in 37.4% 
of participants with stage II prehypertension (95% CI: 33.3–41.5%), 17.6% of par-
ticipants with stage I prehypertension (95% CI: 15.2–20.3%), and 5.3% of partici-
pants with optimal BP (95% CI: 4.4–6.3%). The corresponding 4-year rates of 
progression to hypertension in older participants (65–94 years) were 49.5% (95% 
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CI: 42.6–56.4%), 25.5% (95% CI: 20.4–31.4%), and 16% (12–20.9%). Compared 
with optimal BP, the odds ratios for stage II and stage I prehypertension were 11.6 
(95% CI: 9.6–14) and 4.1 (95% CI: 3.4–4.9), respectively, in younger participants, 
and 5.5 (95% CI: 3.4–4.9) and 2.0 (95% CI: 1.4–2.7), respectively, in older partici-
pants. The proportions of younger participants with stage II prehypertension who 
progressed to hypertension at 1, 2, and 3 years were 11.0, 20.8, and 29.6%, while 
the corresponding rates for participants with stage I prehypertension were 4.7, 9.2, 
and 13.5%, and for participants with optimal BP were 1.3, 2.7, and 4%. For older 
participants, the corresponding rates for stage II prehypertension were 15.7, 28.9, 
and 40.1%, for stage I prehypertension were 7.1, 13.7, and 19.8%, and for optimal 
BP were 4.3, 8.3, and 12.2%.

Another study included 2048 participants in two British Health and Lifestyle 
Surveys (HALS 1 and HALS 2) conducted 7 years apart [11]. Compared with par-
ticipants with optimal BP, participants with stage I prehypertension had a twofold 
higher risk of developing hypertension (RR: 2.0; 95% CI: 1.6–2.6), while partici-
pants with stage II prehypertension had an almost threefold higher risk for incident 
hypertension (RR: 2.9; 95% CI: 2.3–3.7). Binomial regression analysis revealed 
that the greater RR for progression to hypertension was observed in younger patients 
(35–44 years of age at baseline) with stage II prehypertension (RR: 4.4; 95% CI: 
3.0–6.3), and the lower RR was observed in older patients (65–74 years of age) with 
stage I prehypertension (RR: 1.4; 95% CI: 0.7–2.8).

A prospective cohort of 18,865 non-hypertensive individuals (African-
Americans: 30.4% and Caucasians 69.6%) aged 18–85 years provides information 
about the impact of black race on the progression of prehypertension to hyperten-
sion [12]. Over a 7-year follow-up period, 63.8% of study participants developed 
hypertension. Compared with participants with optimal SBP, participants with stage 
I prehypertension were at an increased risk to develop hypertension [adjusted haz-
ard ratio (HR): 1.50; 95% CI: 1.42–1.58], which was further increased in partici-
pants with stage II prehypertension (adjusted HR: 1.75; 95% CI: 1.67–1.84). The 
corresponding HRs for DBP were 1.18 (95% CI: 1.13–1.24) for stage I and 1.21 
(95% CI: 1.15–1.28) for stage II prehypertension, respectively. Compared with 
Caucasian participants, African-Americans were at an increased risk for incident 
hypertension (adjusted HR: 1.35; 95% CI: 1.30–1.40). Of note, the median conver-
sion time (when half of participants developed hypertension) was 1 year shorter for 
African-Americans than Caucasians (626 vs. 991 days; p < 0.001).

Two prospective cohorts provide relevant information for Chinese individuals. 
A population-based sample of 10,525 non-hypertensive Chinese over 40 years of 
age was followed for a mean of 8.2 years [13]. Overall, 28.9% of male and 26.9% 
of female participants developed hypertension. The conversion rates were 37.6 
and 36.6% for prehypertensive men and women compared with 20.3 and 18.9% 
for normotensive men and women, respectively. Compared with participants with 
normal BP, participants with prehypertension were at a significantly higher risk 
for incident hypertension with a RR of 1.70 for men (95% CI: 1.53–1.88) and 1.64 
for women (95% CI: 1.46–1.83) [13]. Another population-based sample of 24,052 
rural non-hypertensive Chinese over 35 years of age was followed for a median of 
28 months [14]. Overall, hypertension developed in 32.4% of participants with 
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stage II prehypertension, 25.2% with stage I prehypertension, and 21.2% with 
optimal BP. Compared with participants with optimal BP, participants with stage 
I prehypertension were at an increased risk for incident hypertension (adjusted 
HR: 1.16; 95% CI: 1.08–1.24) and the risk was further increased in participants 
with stage II prehypertension (adjusted HR: 1.28; 95% CI: 1.20–1.36). Further 
analyses of this cohort identified predictors of progression (age, Mongolian eth-
nicity, obesity, lifestyle habits) [15] and revealed a higher incidence of conversion 
in men than in women (12.75 vs. 10.04 for 100 person-years, respectively) [16] 
and a similarity of progression predictors between prehypertensive and normoten-
sive individuals [17].

In a cohort of more than 12,000 non-hypertensive Japanese workers aged 
20–64  years that were followed from 1999 to 2008, hypertension developed in 
36.5% of study participants [18]. The rates of incident hypertension increased with 
age, from 23.1% in participants aged 35–49  years to 50.6% in participants over 
50  years of age. Compared with participants with optimal BP, participants with 
stage I and stage II prehypertension had a significantly increased risk for incident 
hypertension in all age groups (20–34, 35–49, and 50–64 years). The HRs were 
from 2.6 to 3.4 for stage I prehypertension and from 5.0 to 9.6 for stage II prehyper-
tension in the 3 age groups in males, and from 2.7 to 3.7 for stage I prehypertension 
and from 5.1 to 10 for stage II prehypertension in the 3 age groups in females.

Two studies in the USA addressed the progression to hypertension specifically in 
women and men [19, 20]. The Women’s Health Study included 39,322 healthy 
women older than 45 years of age who were followed for a median of 10.2 years 
[19]. Overall, 30.1% of study participants developed hypertension. The incidence of 
conversion to hypertension was substantially higher in participants with stage II 
prehypertension than in participants with stage I prehypertension or optimal BP 
(114.7 vs. 41.8 vs. 16.0 age-adjusted incidence per 1000 person-years, respectively). 
With stage II prehypertension as the reference group, the multivariable-adjusted 
HRs for stage I prehypertension and optimal BP were 0.42 (95% CI: 0.40–0.44) and 
0.17 (95% CI: 0.16–0.18), respectively. Another study evaluated 2303 male Veterans 
for a median follow-up period of 7.8 years [20]. The incidence rate of progression 
from prehypertension to hypertension was 34.4 per 1000 person-years. This study 
provides important information about the impact of prehypertension type on pro-
gression risk. The rate of incident hypertension was significantly higher in systolic-
diastolic prehypertension (40.7%) than in participants with either isolated systolic 
prehypertension (32.3%) or isolated diastolic prehypertension (24.3%), and the dif-
ference was significant (p < 0.01 for all comparisons). Additional important infor-
mation is the impact of exercise capacity on progression rates. The RR for incident 
hypertension was progressively higher as exercise capacity decreased, and the asso-
ciation was significant across fitness categories (p < 0.001 for high compared with 
low fit individuals).

The progression rate from prehypertension to hypertension was also assessed in 
young adulthood. A retrospective analysis of more than 1000 adolescents in Houston 
revealed a progression rate of 1.1% per year during a mean follow-up period of 
21 years in participants with prehypertension compared with a progression rate of 
0.3% per year in adolescents with optimal BP [21].

4  Prehypertension, the Risk of Hypertension and Events



42

Six prospective, randomized, placebo-controlled trials evaluated the impact of 
lifestyle modification [22–24] and antihypertensive therapy [25–27] on the risk of 
incident hypertension in individuals with prehypertension.

The Primary Prevention of Hypertension (PPH) trial randomly assigned 201 
individuals with prehypertension in nutritional-hygienic intervention or usual care 
for 5 years [23]. Progression from prehypertension to hypertension was observed in 
19.2% of participants in the control group compared with 8.8% of participants in the 
intervention group, for an odds ratio of 2.4 (90% CI: 1.2–4.8). Of note, hypertension 
occurred earlier in participants assigned to the control group than those assigned to 
the intervention group.

In the Hypertension Prevention Trial (HPT) 841 individuals with prehyperten-
sion were randomly assigned to a control treatment group (no dietary counselling) 
or to 1 of 4 intervention groups (reduced calories, reduced sodium, reduced calories 
and sodium, or reduced sodium and increased potassium) [24]. Progression from 
prehypertension to hypertension occurred in 38.7% of participants in the control 
group during the 3-year follow-up period of the study, while the nutritional inter-
vention was not associated with significant reduction in conversion rates.

The Trial of Hypertension Prevention (TOHP) phase II compared the effects of 
weight reduction, sodium restriction, and their combination with usual care in 2382 
overweight participants with prehypertension [22]. Overall, 44.4% of study partici-
pants developed hypertension at the end of the 4-year follow-up period of the study 
in the usual care group, while the corresponding transition proportions in the 3 
intervention groups were 37.6–38.5% and the RRs for incident hypertension were 
0.85–0.87 (p = 0.02–0.06) in the three intervention groups. The proportions of inci-
dent hypertension in the usual care group at 6, 18, and 36 months during the study 
follow-up were 7.3, 21.1, and 39.2%, respectively.

The Trial of Preventing Hypertension (TROPHY) examined whether early treat-
ment of hypertension with an angiotensin receptor blocker prevents or delays the 
development of subsequent incident hypertension compared with placebo in indi-
viduals with prehypertension [25]. A total of 809 participants were randomized to 
candesartan or placebo for 2 years, followed by 2 years of placebo for all study 
participants. Overall, 40.4% developed hypertension at the year-2 visit in the pla-
cebo group, and this proportion increased to 63% at the year-4 visit in the same 
group. The corresponding proportions of incident hypertension in the intervention 
group were 13.6 and 53.2%, indicating a 66% risk reduction with candesartan at 
2 years (RR: 0.34; 95% CI: 0.25–0.44), which was later attenuated to 16% (RR: 
0.84; 95% CI: 0.75–0.95) when placebo was administered in the intervention group 
replacing candesartan. The median time to incident hypertension was 2.2 years in 
the placebo group and significantly longer (3.3 years) with candesartan. RR reduc-
tion with active therapy compared with placebo was evident throughout all pre-
specified subgroups (by age, gender, body weight, body mass index, and race).

The Prevention of Hypertension with the ACE-inhibitor Ramipril in patients 
with high-normal blood pressure (PHARAO) study assessed whether treatment of 
stage II prehypertension with ramipril can prevent or delay the progression to 
manifest office hypertension compared with placebo [26]. A total of 1008 
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participants with stage II prehypertension were randomly assigned to ramipril or 
placebo for 3 years. Overall, 42.9% of participants in the placebo group developed 
hypertension compared with 30.7% of participants in the ramipril group during 
the 3-year follow-up period, and the RR reduction was 34.4% (HR: 0.656; 95% 
CI: 0.533–0.807). A positive correlation of incident hypertension with SBP was 
identified in multivariate analysis (for each 1 mmHg increment, the risk increased 
by 5%).

The Prevention of Hypertension in Patients with Prehypertension (PREVER-
Prevention) study evaluated the efficacy and safety of a low-dose diuretic for the 
prevention of hypertension and end-organ damage [27]. A total of 730 individuals 
with prehypertension were randomly assigned to chlorthalidone/amiloride or pla-
cebo for a follow-up period of 18 months. The incidence of hypertension was sig-
nificantly lower in participants allocated to diuretics compared with participants 
allocated to placebo (HR: 0.56, 95% CI: 0.38–0.82). The cumulative incidence of 
progression from prehypertension to hypertension during the 18-month follow-up 
period of the study was 19.5% with placebo and 11.7% with low-dose diuretics. 
Moreover, benefits with active therapy were observed for left ventricular mass 
(assessed by electrocardiography), while new-onset diabetes mellitus was not dif-
ferent between the two groups (5.5% with active therapy vs. 3.3% with placebo, 
p = 0.18).

4.2.1	 �The Progression Process

Several factors along with baseline demographic characteristics have been associ-
ated with the development of prehypertension: uric acid [28–30], dietary salt intake 
[31], arterial stiffness [32], autonomic imbalance [33, 34], obesity [35], hemoglobin 
levels [36], and subclinical inflammation [37]. In addition, several factors (along 
with baseline demographic characteristics) have been associated with the progres-
sion of prehypertension to hypertension: visceral abdominal fat [38], sympathetic 
overactivity [39], sympathovagal imbalance [34], endothelial dysfunction [40], 
impairment of coronary flow reserve [41, 42], and metabolic syndrome [41].

Target organ damage might contribute to future CV events in addition to ele-
vated BP in individuals with prehypertension compared with individuals with 
optimal BP.  Prehypertension has been associated with several types of target 
organ damage: metabolic syndrome [28, 43, 44], increased left ventricular mass 
and left ventricular hypertrophy [44–47], left ventricular diastolic dysfunction 
[44, 47–50], coronary artery calcification [51, 52], increased minimum coronary 
resistance [42], arterial stiffness [32], increased arterial intima-media thickness 
[53, 54], retinal vascular alterations [55], microalbuminuria [56–58], hemorheo-
logical abnormalities [59], increased tissue plasminogen activator [60], carotid 
atherosclerosis [61], poor cognitive performance [62], subclinical inflammation 
[37, 63], increased low density lipoprotein (LDL) oxidation in vivo [64], increased 
serum complement [65], excessive sympathetic response [66], and abnormalities 
in endothelial progenitor cells [67].
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In a recent cohort of almost 12,500 Japanese individuals for a median period of 
11.8 years, the impact of progression from prehypertension to hypertension on the 
risk of future CV events was evaluated. Prehypertensive individuals who developed 
hypertension during the follow-up period had almost a 2-times higher risk of CV 
disease (adjusted HR: 2.95; 95% CI: 1.05–8.33) compared with individuals who 
remained prehypertensive during the follow-up period [68].

4.2.2	 �Attenuation or Delay of Progression

Lifestyle modification has been shown to exert beneficial effects in individuals with 
prehypertension and is currently recommended for the management of prehyperten-
sion [6, 69]. Accumulating data indicate that regular physical exercise and espe-
cially aerobic exercise reduces BP, attenuates sympathetic activity, improves arterial 
stiffness, and should be an essential part of the therapeutic plan for the management 
of individuals with prehypertension [70–73]. Healthy diet has been also shown to be 
beneficial in prehypertension [74, 75]. However, long-term maintenance to healthy 
lifestyle represents the Achilles’ heel of lifestyle modification [5, 69]. In a recent 
meta-analysis, the short-term (3–6 months) benefits of exercise on BP were almost 
abolished after the first year of initiating an exercise program [76]. Recently, a 
mobile phone-based intervention was evaluated in 637 individuals with prehyper-
tension in Latin America [77]. However, a small reduction in body weight and an 
improvement in some dietary habits were not associated with a significant BP 
reduction with the intervention compared with usual care [77].

The impact of ideal health behaviors was recently evaluated in a cohort of more 
than 30,000 Chinese individuals with prehypertension [78]. In total, incident hyper-
tension was observed in 47.1% of study participants during a mean follow-up period 
of 52.2 months. It was found that hypertension was inversely associated with ideal 
health behaviors and developed in 78.6, 71.1, 63.1, 56.1, and 61.6% of prehyperten-
sive participants carrying ≤1, 2, 3, 4, or ≥5 ideal health behaviors (nonsmoking, 
regular physical activity, healthy diet, salt restriction) or ideal health factors (total 
cholesterol <200  mg/dL, blood glucose <100  mg/dL, BP <120/80  mmHg). 
Compared with participants with one or none ideal health behaviors or factors, the 
risk ratios for incident hypertension in participants with 2, 3, 4, and ≥5 ideal healthy 
behaviors or factors were 0.83 (95% CI: 0.79–0.88), 0.71 (95% CI: 0.67–0.75), 0.60 
(95% CI: 0.57–0.64), and 0.58 (95% CI: 0.52–0.64), respectively.

Antihypertensive therapy has been evaluated in the aforementioned randomized 
studies and was shown to delay the progression of prehypertension to hypertension 
[25–27]. In addition, a meta-analysis of 16 studies with >70,000 participants with 
prehypertension showed that the stroke risk was significantly reduced (by 22%) 
with antihypertensive therapy compared with placebo (RR: 0.78; 95% CI: 0.71–
0.86) [79]. Moreover, 169 individuals with prehypertension need to be treated with 
an antihypertensive drug for 4.3 years to prevent one stroke, indicating a relatively 
high number needed to treat in prehypertension [79]. Collectively, the pharmaco-
logical therapy of prehypertension remains a topic of lively discussion and debate 
[80–83].
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4.3	 �Prehypertension and CV Morbidity

Many longitudinal prospective cohort studies have evaluated the association of pre-
hypertension with CV morbidity and mortality. During the last decade, six meta-
analyses sought to report the association of prehypertension with myocardial 
infarction, stroke, and CV events in total [84–89].

The association of prehypertension with stroke as a separate outcome was 
assessed in two meta-analyses [84, 85]. The meta-analysis by Lee et al. included 
data from 12 cohorts with >500,000 participants [84]. Prehypertension was associ-
ated with a significantly increased risk for stroke, with a RR of 1.55 (95% CI: 1.35–
1.79). A marked heterogeneity of stroke risk was observed within the 
prehypertension group according to BP. The RR for stroke was not significantly 
elevated with stage I prehypertension (RR: 1.22; 95% CI: 0.95–1.57), while the 
respective risk was significantly increased with stage II prehypertension (RR: 1.79; 
95% CI: 1.49–2.16). The meta-analysis by Huang et al. was larger and included data 
from 19 cohorts with >750,000 participants [85]. Compared with individuals with 
optimal BP, participants with prehypertension had a substantially elevated risk for 
stroke (RR: 1.66; 95% CI: 1.51–1.81). Similar to the previous meta-analysis, stroke 
risk was dependent on baseline BP and increased with increasing levels. In particu-
lar, the relative stroke risk was 1.44 for participants with stage I prehypertension 
(95% CI: 1.27–1.63), while the respective risk for stage II prehypertension was 1.95 
(95% CI: 1.73–2.21).

The association of prehypertension with coronary heart disease (CHD) as a sepa-
rate outcome was assessed in two meta-analyses [86, 87]. The meta-analysis by Shen 
et al. pooled data from 18 prospective cohorts with almost 900,000 participants [86]. 
Overall, prehypertension was associated with a substantially increased risk for CHD 
(RR: 1.36; 95% CI: 1.22–1.53). This association was significantly affected by prehy-
pertension staging. Stage I prehypertension was not associated with significantly 
increased risk for CHD (RR: 1.16; 95% CI: 0.96–1.42). In contrast, stage II prehyper-
tension was associated with a significantly elevated risk for CHD (RR: 1.53; 95% CI: 
1.19–1.97). The meta-analysis by Huang et  al. pooled data from 17 prospective 
cohorts with almost 600,000 participants and evaluated whether racial differences 
exist regarding the association of prehypertension with CHD [87]. Overall, when par-
ticipants with prehypertension were compared with participants with optimal BP, the 
risk for CHD was significantly increased (RR: 1.43; 95% CI: 1.26–1.63). Moreover, 
it was found that significant differences in RR for CHD exist for different races. In 
particular, Western participants were at significantly higher risk for CHD than Asian 
participants, and the RRs were 1.70 (95% CI: 1.49–1.94) for Western participants and 
1.25 (95% CI: 1.12–1.38) for Asian participants (ratio of RRs: 1.36; 95% CI: 1.15–
1.61). This meta-analysis provides another very important piece of information, since 
the population-attributable risk estimation indicates that 24.1% of CHD in Western 
participants may be attributed to prehypertension, while only 8.4% of CHD in Asian 
participants may be attributed to prehypertension [to 73].

Two meta-analyses evaluated the risk for CV events as a whole as well as stroke 
and myocardial infarction separately [88, 89]. The meta-analysis by Huang et al. 
included data from 18 prospective cohorts with >450,000 participants [88]. Overall, 
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participants with prehypertension were at significantly higher risk for CV events 
when compared with participants with optimal BP (RR: 1.55; 95% CI: 1.41–1.71). 
The respective RRs for CHD and stroke were 1.50 (95% CI: 1.30–1.74) and 1.71 
(95% CI: 1.55–1.89). Once again, the RR depended on prehypertension staging. 
Compared with optimal BP, stage I prehypertension was associated with a signifi-
cantly increased risk for CV events (RR: 1.46; 95% CI: 1.32–1.62) and the risk was 
further elevated in stage II prehypertension (RR: 1.80; 95% CI: 1.41–2.31). The 
meta-analysis by Guo et al. pooled data from 29 cohorts with >1 million partici-
pants [89]. Overall, prehypertension was associated with a significantly elevated 
risk for CV events (RR: 1.44; 95% CI: 1.35–1.53) compared with optimal BP. The 
respective RRs for stroke and myocardial infarction were 1.73 (95% CI: 1.61–1.85) 
and 1.79 (95% CI: 1.45–2.22) for participants with prehypertension compared with 
participants with optimal BP. Similarly to other meta-analyses, the RR was strongly 
affected by prehypertension staging. Stage I prehypertension was associated with a 
significantly elevated risk for CV events (RR: 1.24; 95% CI: 1.10–1.39), and the 
risk was further elevated in stage II prehypertension (RR: 1.56; 95% CI: 1.36–1.78). 
Likewise, the RRs for stroke and myocardial infarction were 1.35 (95% CI: 1.10–
1.66) and 1.43 (95% CI: 1.10–1.86), respectively, in stage I prehypertension and 
were further elevated to 1.95 (95% CI: 1.69–2.24) and 1.99 (95% CI: 1.59–2.50), 
respectively, in stage II prehypertension.

4.4	 �Prehypertension and Chronic Kidney Disease (CKD)

Three recent meta-analyses have addressed the association of prehypertension with 
end-stage renal disease [90], CKD [91], and decreased estimated glomerular filtra-
tion rate (eGFR) in the general population [92].

The first meta-analysis included data from one million individuals who partici-
pated in six prospective cohort studies [90]. Individuals with prehypertension were 
at significantly higher risk for end-stage renal disease (RR: 1.59; 95% CI: 1.39–
1.91) when compared with individuals with optimal BP. Moreover, a graded asso-
ciation with end-stage renal disease was observed with increasing BP within the 
prehypertension range. In particular, stage I prehypertension was associated with 
significantly increased risk for end-stage renal disease compared with optimal BP 
(RR: 1.44; 95% CI: 1.19–1.74), and the risk was further increased among individu-
als with stage II prehypertension (RR:2.02; 95% CI: 1.70–2.40).

The second meta-analysis included >250,000 individuals who participated in 
seven cohort studies, mainly conducted in the Far East [91]. Prehypertension was 
associated with an increased risk for CKD compared with optimal BP (pooled RR: 
1.28; 95% CI: 1.13–1.44). This association between prehypertension and future 
development of CKD was gender- and ethnic-dependent. In particular, the associa-
tion was evident in females (pooled RR: 1.29; 95% CI: 1.01–1.63) but not in males. 
Similarly, the association was evident in Far East participants (pooled RR: 1.37; 
95% CI: 1.18–1.59) but not in European and Middle-East individuals.
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In the third meta-analysis data from 16 cohorts with >315,000 participants were 
pooled and analyzed [92]. Renal function deterioration was observed in 6.6% of 
participants during a mean follow-up period of 6.5 years. Prehypertension was asso-
ciated with a significantly increased risk for renal function deterioration defined as 
a decline in eGFR (RR: 1.19; 95% CI: 1.07–1.33), while the respective RR for 
hypertensive individuals was 1.76 (95% CI: 1.58–1.97). Moreover, it was found that 
an increase of SBP and DBP by 10 mmHg was associated with a greater RR for 
renal function deterioration, which was 1.08 for prehypertension (95% CI: 1.04–
1.11) and 1.12 for hypertension (1.04–1.20). Further analysis identified older age as 
the only significant contributor for renal function deterioration.

A recent very large study from Israel provides further credence on the associa-
tion between prehypertension and CKD. The study included 2.19 million healthy 
asymptomatic adolescents 16–19 years old evaluated for military service and fol-
lowed for a median of 16.8  years [93]. Prehypertension (defined either as BP 
between the 90th and 95th percentile or BP between 120 and 139 mmHg for SBP 
and/or 80–89 mmHg for DBP) was associated with a 32% increased risk for future 
end-stage renal disease (HR: 1.32; 95% CI: 1.11–1.58) compared with adolescents 
with optimal BP, which was not substantially lower than the respective risk of 
hypertensive adolescents (HR: 1.44; 95% CI: 1.17–1.79).

A recent study of almost 100,000 individuals aged 80–89 years in Japan unveiled 
a significant association between prehypertension and glomerular hyperfiltration 
[94]. The prevalence of glomerular hyperfiltration increased with increasing stages 
of prehypertension. In particular, when individuals with optimal BP were used as 
the reference group, those with stage 1 prehypertension had an odds ratio of 1.10 
(95% CI: 1.00–1.20), and those with stage 2 prehypertension had an odds ratio of 
1.33 (95% CI: 1.21–1.47). Glomerular hyperfiltration is mainly driven by increased 
intraglomerular pressure in subjects with elevated BP [95] and is considered an 
early alteration of renal function [96]. Long-term glomerular hyperfiltration con-
tributes to CKD [97, 98] through progressive glomerular sclerosis [99]. Glomerular 
hyperfiltration is associated with a faster decline of glomerular filtration rate and 
thus renal function [100], while the prevention of glomerular hyperfiltration is asso-
ciated with less glomerular injury [101]. Therefore, the timely recognition of prehy-
pertensive individuals with glomerular hyperfiltration can identify those at increased 
risk for CKD who might benefit from early intervention.

4.5	 �Prehypertension and CV and All-Cause Mortality

The landmark study by Robinson and Brucer was the first to report the impact of 
prehypertension on mortality risk: “… the mortality of any random group of 1000 
persons with pressures over 120 systolic and 80 diastolic is higher than that of simi-
lar group with pressures under these levels” [4]. Several longitudinal studies have 
evaluated the association of prehypertension with CV and/or all-cause mortality, 
and three relevant meta-analyses are available [102–104].
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The meta-analysis by Wang et al. pooled data from 13 prospective cohort studies 
involving almost 400,000 participants [102]. Prehypertension was associated with 
an increased risk for CV mortality (pooled RR: 1.17; 95% CI: 1.07–1.27) when 
compared with optimal BP. Prehypertension staging significantly affected the asso-
ciation between prehypertension and CV mortality. There was a trend towards 
increased CV mortality in stage I prehypertension that failed marginally to reach 
statistical significance (RR: 1.18; 95% CI: 0.98–1.42), while the respective risk was 
significantly elevated in stage II prehypertension (RR: 1.33; 95% CI: 1.13–1.58). In 
contrast, no association between prehypertension and all-cause mortality was found. 
The overall RR conferred by prehypertension was 1.01 (95% CI: 0.95–1.08). 
Similarly, neither stage I nor stage II prehypertension were associated with elevated 
all-cause mortality risk (RR: 0.99; 95% CI: 0.88–1.13, and RR: 1.02; 95% CI: 0.97–
1,08, respectively).

In the meta-analysis of Guo et al. data from >870,000 individuals participating 
in 13 prospective cohorts were pooled and analyzed [103]. Prehypertension was 
associated with an elevated risk for CV mortality (RR: 1.32; 95% CI: 1.16–1.50). 
The same was evident for stage II prehypertension (RR: 1.26; 95% CI: 1.13–1.41) 
but not for stage I prehypertension (RR: 1.10; 95% CI: 0.92–1.30). Prehypertension 
was not associated with all-cause mortality in this meta-analysis as well. The rela-
tive all-cause mortality risk was 1.03 (95% CI: 0.91–1.15) for the prehypertension 
group as a whole, 0.91 (95% CI: 0.81–1.02) for stage I prehypertension, and 1.00 
(95% CI: 0.95–1.06) for stage II prehypertension.

The larger meta-analysis was performed by Huang et al. and pooled data from 20 
prospective cohorts with >1.1 million participants [104]. Prehypertension signifi-
cantly increased the risk for CHD and stroke mortality (RR: 1.12; 95% CI: 1.02–
1.23, and RR: 1.41; 95% CI: 1.28–1.56, respectively). Likewise, prehypertension 
was associated with a significantly elevated risk for CV mortality (RR: 1.28; 95% 
CI: 1.16–1.40). This association was evident for stage II prehypertension (RR: 1.28; 
95% CI: 1.16–1.41) but not for stage I prehypertension (RR: 1.08; 95% CI: 0.98–
1.18). Finally, prehypertension was not associated with all-cause mortality after 
adjustments for all covariates (RR: 1.03; 95% CI: 0.97–1.10), and the same applied 
for both stage I and II prehypertension.

4.6	 �Critical Evaluation

Collectively, available evidence demonstrates that individuals with prehypertension 
have a two- to threefold increased risk for incident hypertension compared with 
individuals with optimal BP. The conversion rates from prehypertension to hyper-
tension vary significantly among the studies, and the variation may be attributed to 
several factors, such as the duration of the study, baseline BP, age, race, body mass 
index, physical fitness, and comorbidities. In particular, regarding the duration of 
follow-up period, it is obvious that the longer the duration of the study, the higher 
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the proportion of participants who will develop hypertension. In addition, the higher 
the baseline BP, the greater the proportion of participants who will develop hyper-
tension, with >50% increased risk for incident hypertension among individuals with 
stage II compared with stage I prehypertension. Moreover, African-Americans are 
more likely to progress from prehypertension to hypertension more rapidly than 
Caucasians with prehypertension. Furthermore, the higher the body mass index and 
the older the age, the greater the risk for incident hypertension in prehypertensive 
individuals. In addition, impaired physical fitness as expressed with limited exercise 
capacity is associated with increased risk for developing hypertension. Finally, 
comorbidities such as diabetes mellitus [73] and CKD significantly increase the risk 
of prehypertensive individuals to develop hypertension.

Overall, available data indicates that prehypertension is associated with a sig-
nificantly increased risk for CHD, stroke, total CV disease, and CV mortality, but 
not with all-cause mortality (maybe due to the relatively short follow-up period of 
several studies). The elevated CV risk strongly depends on prehypertension stag-
ing; individuals with stage II prehypertension are at a significantly greater risk for 
CV morbidity and mortality than individuals with stage I prehypertension. In 
addition, the impact of prehypertension is greater when fatal and nonfatal CV 
events are combined compared with the evaluation of fatal CV events alone. In 
addition, CV events are more likely to occur in prehypertensive individuals who 
develop hypertension compared with individuals who remain prehypertensive. 
Moreover, the earlier the progression from prehypertension to hypertension is, the 
higher the risk for CV events. It has to be acknowledged that all meta-analyses 
addressing the association of prehypertension with CV outcomes report signifi-
cantly elevated RRs in prehypertensive compared with normotensive individuals, 
without reporting (in most cases) however the absolute morbidity and mortality 
risks, limiting the ability to estimate the number of patients needed to treat over a 
certain period for the prevention of one event. In general, the absolute risk of pre-
hypertensive individuals is rather low, unless prehypertension is associated with 
overt CV disease or clustering multiple CV risk factors, or significant target organ 
damage.

Given, however the high prevalence of prehypertension in the general population 
(it is estimated that 40 million individuals have stage I and 30 million individuals 
have stage II prehypertension in the US), and the frequent coexistence of CV risk 
factors, target organ damage, or overt CV disease, it becomes obvious that prehy-
pertension is a major public health problem that requires immediate attention and 
management. Pharmacological therapy is a matter of hot debate and is not likely to 
gain implementation in the near future. In contrast, lifestyle modification is strongly 
recommended by all guidelines for the management of individuals with prehyper-
tension in the effort to prevent or delay the progression of prehypertension to hyper-
tension. Therefore, primary care physicians should intensity efforts for the 
widespread implementation and maintenance of healthy measures to limit the detri-
mental consequences of prehypertension.
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�Conclusions
Prehypertension is placed between normotension and hypertension. Accumulating 
evidence proved that prehypertension is a precursor of hypertension in a high 
proportion of individuals. The progression rates are higher in individuals with 
stage II prehypertension, obesity, and other comorbidities. Of major clinical 
importance, prehypertension is associated with increased risk for CHD, stroke, 
CKD, and CV but not all-cause mortality. The detrimental consequences of pre-
hypertension, especially stage II prehypertension, justify its utility in real life 
clinical practice and should attract the attention of practicing physicians to 
appropriately manage prehypertensive individuals.
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5.1	 �Definitions of Prehypertension

The USA Joint National Committee Guidelines (JNC7) on hypertension which 
were published in 2003 [1] combined the two categories: normal blood pressure 
(BP) and high-normal BP, and thus introduced prehypertension as a new category of 
BP including individuals with systolic BP 120–139  mmHg or diastolic BP 
80–89 mmHg.

However, the European societies ESH/ESC published committee guidelines in 
2007 [2] rejected this terminology and the joining of these two BP categories. Their 
argument was that even in the Framingham study the risk of developing hyperten-
sion was higher in subjects with high-normal BP (130–139/85–89 mmHg range) 
than in patients with normal BP (120–129/80–84 mmHg), therefore there is little 
reason to combine both groups.

Additionally, considering the ominous significance of the term hypertension, 
they presumed “prehypertension” may create anxiety and fear in many subjects.

Accordingly, the Framingham study results demonstrated a relatively rapid pro-
gression to hypertension in individuals with high-normal BP, in which the incidence 
of hypertension was 37.3% and 49.5% for the 30- to 64-year and ≥65-year groups, 
respectively. Whereas a relatively lower risk of developing hypertension was evi-
dent among those with normal BP, which progressed over 4 years to hypertensive 
levels in 17.6% of individuals between 30 and 64 years of age and in 25.5% of those 
≥65 years of age [3].
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Over the years the term prehypertension has been again divided into stage 1 pre-
hypertension which correlates to the previous normal BP while BP in the upper 
range (130–139/85–89 mmHg) is referred to as stage 2 prehypertension. This divi-
sion is significant since individuals with BP in the upper-range of prehypertension 
were shown to be at twice the risk of developing hypertension than individuals with 
lower BP values [3].

Hypertension is a major modifiable risk factor for cardiovascular morbidity and 
mortality. Guidelines recommended lowering BP to below 140/90  mmHg in the 
general population and below 130/80 mmHg in diabetic patients [1, 2]. Thus, even 
individuals with prehypertension, with BP below the conventional threshold for 
intervention with antihypertensive drugs, still have an increased risk of cardiovascu-
lar disease (CVD). A well-designed meta-analysis showed that particularly those in 
the upper-range prehypertension (130/80 to 139/89 mmHg) have an increased risk 
of developing coronary heart disease (CHD) [4]. Moreover, Vasan et al. showed that 
among the Framingham Heart Study’s participants, for individuals with BP in the 
upper-range of prehypertension, the risk for CVD was 2.5- and 1.6-fold higher 
among women and men, respectively, than in those with optimal BP (<120/80 mmHg) 
[5]. Furthermore, a recent meta-analysis of prospective cohort studies indicated that 
prehypertension was a predictor for cardiovascular events, suggesting subjects in 
the general population with prehypertension had a 55% and 17% increased risk of 
CVD and cardiovascular mortality [6]. Nonetheless, the vast majority, especially 
with stage 1 hypertension have a low absolute risk for CVD, which further ques-
tions the benefit of pharmacological treatment [7].

Therefore, all efforts are currently aimed at detection of at-risk individuals with 
prehypertension and means for preventing their progression to clinical hyperten-
sion. Risk scores have been developed for predicting the development of hyperten-
sion. The Strong Heart Study, a 12 year longitudinal study, showed baseline systolic 
BP, diabetes, and increased left ventricular mass were predictive for progression to 
hypertension in 38% of the 2629 prehypertensive participants [8].

In a recent longitudinal study among 569 healthy individuals, the cumulative 
6-year incidence of progression from normotension to prehypertension was 33.5%. 
The strongest significant predictors of prehypertension were early dysregulation of 
glucose metabolism and weight gain [9].

Because of these rates of progression, annual or biannual monitoring of BP in 
prehypertensive individuals has been suggested [9].

5.2	 �Strategies for Prevention of Hypertension

5.2.1	 �Nonpharmacological Approaches

To manage or reduce the risk of developing hypertension and to lower cardiovascu-
lar risk the established recommendations are termed “Health-promoting Lifestyle 
Modifications.” These include weight loss, dietary recommendations, and increased 
physical activity.
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The final weight loss goal for individuals who are overweight or obese is to 
maintain a normal body weight (BMI, 18.5–24.9) [1]. The Trials of Hypertension 
Prevention assessed the efficacy of nonpharmacological interventions (weight loss, 
sodium restriction, and both interventions together) in a multicenter randomized 
study including 2383 adults with upper-range prehypertension (130/80 to 
139/89 mmHg) and BMI representing 110–165% of desirable body weight. Results 
showed the interventions were effective already in the short term; at 6-months fol-
low-up BP decreased by 3.7/2.7 mmHg, 2.9/1.6 mmHg, and 4.0/2.8 mmHg in the 
weight loss, sodium restriction, and combined groups, respectively. Moreover, dur-
ing the 4-year follow-up, 44% of the usual-care group that was prehypertensive at 
baseline progressed to hypertension while the three intervention groups showed a 
significantly reduced relative risk (0.78–0.82) of incident hypertension [10].

The PREMIER 6-month trial assessed the effects of multiple lifestyle interven-
tions based on established recommendations alone and with the addition of the 
Dietary Approaches to Stop Hypertension (DASH) eating plan, which entails con-
suming a diet rich in fruits, vegetables, and low-fat dairy products with a reduced 
content of saturated and total fat. The study included 810 overweight/obese partici-
pants average age 50 years, with prehypertension to stage-1 hypertension. Results 
show that optimal BP control was achieved in 30–35% of the participants in both 
intervention groups. Further analysis of these results suggests that especially indi-
viduals with the metabolic syndrome may benefit in reduced BP levels by adopting 
the DASH diet [11].

Physical activity recommendations include engaging in a regular routine of aero-
bic physical activity, such as brisk walking (at least 30 min per day, most days of the 
week) [1]. An assessment of the benefits of physical activity by a submaximal tread-
mill exercise test showed the increased aerobic fitness among the PREMIER partici-
pants was associated with a reduced prevalence of the metabolic syndrome [12]. 
Physical fitness has also shown to have a protective effect on progression to hyper-
tension. A graded exercise test conducted in 2303 middle-aged older men with pre-
hypertension showed that within a median of 7.8 years low-fit individuals had a 66% 
increased risk for developing hypertension compared to high-fit individuals [13]. 
Another study included 43 prehypertensive young adults who were randomized to 2 
exercise training groups (resistance and endurance training) and a control group. The 
results show both types of exercise training showed effective in reducing BP and 
peripheral arterial stiffness and in improving resistance artery endothelial function 
and oxidant/ antioxidant balance in the young prehypertensive participants [14, 15].

Overall studies show engaging in intensive lifestyle interventions can achieve a 
20% reduced relative risk of incident hypertension [16].

5.2.2	 �Pharmacological Approaches

Angiotensin II has been recognized to play a deleterious role in the early course of 
the atherosclerotic process, thus highlighting the utility in blocking the renin-
angiotensin system in patients with hypertension and/or type 2 diabetes with 
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antihypertensive drugs as angiotensin-receptor blockers (ARB) and angiotensin 
converting enzyme inhibitors (ACEi) [17].

Prevalence rates of prehypertension in adults worldwide are 25–50%. 
Pharmacological treatment with a single antihypertensive medication can achieve 
a 34–66% reduced relative risk of progression to incident hypertension [16]. 
Moreover, early pharmacologic treatment in subjects with high-normal BP with 
concomitant comorbidities (diabetes, a cluster of cardiovascular risk factors, tar-
get organ damage, and metabolic syndrome) has shown beneficial for adequate 
BP control, which will further contribute to the prevention of cardiovascular com-
plications [18].

The PHARAO trial assessed whether progression to hypertension in prehyper-
tensive individuals can be prevented with pharmacological treatment with ACEi. 
Participants with BP in the upper range of prehypertension (BP 130–139 and/or 
85–89 mmHg) were randomly assigned to 3 years of treatment with Ramipril (505) 
or placebo (503). The results showed 43% of the group receiving placebo developed 
hypertension in 3 years. While participants receiving ACEi treatment achieved a 
34% reduced relative risk of incident hypertension over 3 years compared with pla-
cebo [19].

The TRial Of Preventing HYpertension (TROPHY) aimed at investigating 
whether pharmacological treatment of prehypertension with ARB prevents or post-
pones progression to clinical hypertension. Participants with BP in the upper range 
of prehypertension (BP 130–139 and/or 85–89 mmHg) were randomly assigned to 
2 years of treatment with candesartan (409) or placebo (400), followed by 2 years 
of placebo for all. The TROPHY study results show 63% of prehypertensive indi-
viduals aged 30–65 years receiving a placebo developed hypertension within 4 years 
and >40% after only 2 years [20]. An additional analysis following the new guide-
line definitions using 2 successive visits showing BP in the upper range of prehyper-
tension, after only 2 years 52% progressed to hypertension in the placebo group 
[21]. Moreover, participants on ARB medication achieved a 66% reduced risk of 
incident hypertension at 2 years compared with placebo, and 16% at 4 years (2 years 
after discontinuation of medication) [20].

The long-term effects of pharmacologic antihypertension therapy, specifically 
the impact of Health-related quality of life (HRQL—which evaluates the subjective 
patient experience using both physical and mental components), were assessed 
among the TROPY participants. The results showed the participants had a relatively 
high baseline HRQL which was maintained throughout the 2-year treatment period 
and the 4-year study period [22].

5.3	 �Early Detection of Prehypertension: Weight, Metabolic 
Syndrome, and Reduced eGFR

Early detection is aimed at risk stratification of a subset of individuals with prehy-
pertension who are at highest risk of progression to clinical hypertension.
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Prehypertension has been associated with the metabolic syndrome. The meta-
bolic syndrome encompasses conditions characterized by various combinations of 
abnormalities in glucose metabolism, lipid metabolism, and blood pressure [2]. 
Indeed previous studies have found that not only is the metabolic syndrome associ-
ated with prehypertension, it may even precede the elevation in BP. This trend has 
been established worldwide. For example, a study conducted in China including 
1176 urban adults aged 40–70 years found a high prevalence of the metabolic syn-
drome (evident in lipid metabolism abnormalities) significantly associated with pre-
hypertension detected among these individuals [23].

Accordingly, many studies assessed the utility of early detection of components 
of the metabolic syndrome, such as weight gain and obesity, lipid metabolism 
abnormalities as elevated triglycerides, elevated LDL cholesterol, and low levels of 
HDL cholesterol; dysregulation of glucose metabolism, as insulin resistance and 
diabetes; and signs of subclinical organ damage as reduced estimated glomerular 
filtration rate (eGFR) and microalbuminuria and indeed found these associated to 
prehypertension.

A large study in Japan including 205,382 older adults aged 40–74 years found 
renal hyperfiltration, the sign of early stage renal damage, detected by reduced 
eGFR was associated with prehypertension and prediabetes in this large population 
cohort [24]. A registry study conducted in Spain including 19,041 adults showed 
prehypertension was associated to markers of insulin resistance assessed by the 
prevalence of the metabolic syndrome [25]. Similarly, two studies conducted in 
Taiwan and India found clinical characteristics of insulin resistance syndrome 
among nondiabetic individuals with prehypertension [26, 27]. While contradictory 
results regarding the association between prehypertension and insulin resistance 
were presented in a study conducted in Italy among 1384 healthy adults aged 
30–60 years [28].

5.4	 �The Cardiovascular Metabolic Syndrome

The interplay between a number of risk factors leading to CVD including insulin 
resistance-diabetes, obesity, endothelial dysfunction, and prehypertension has been 
termed the cardiovascular metabolic syndrome [29, 30].

The Strong Heart Study included 2629 normotensive participants followed for 
12 years. Compared to nondiabetic normotensive participants, the risk for develop-
ing incident CVD was 1.8-fold and 2.9-fold higher in participants with prehyperten-
sion or diabetes, respectively, with a 3.7-fold increased risk for those with both 
prehypertension and diabetes [31].

A prospective study included 2376 elderly Koreans, aged >60  years with a 
median follow-up for 7.6 years. The results showed that hypertensive subjects had a 
significantly increased risk for CVD mortality. Moreover, compared to normoten-
sive individuals, those with both hypertension and low levels of HDL cholesterol 
had a twofold higher risk of all-cause mortality [32].
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The Coronary Artery Risk Development in Young Adults (CARDIA) Study 
included 3560 participants age 18–30 followed for 20 years. The results show pre-
hypertension developed in 18% of the cohort before 35 years and was associated 
with coronary atherosclerosis which is a strong predictor for CHD later in life [33].

Additionally, endothelial dysfunction was found to play a vital role in the pro-
gression of atherosclerosis. Diehl et al. employed a unique protocol to assess acute 
endothelial release of tissue type plasminogen activator (t-PA) in response to brady-
kinin. Their main finding was a considerably lower (−35%) release of t-PA in pre-
hypertensive men compared with normotensive men [34]. These findings confirm 
previous work by Hrafnkelsdottir et al. who demonstrated impaired t-PA release in 
hypertension, by showing that the onset of endothelial fibrinolytic dysfunction with 
elevated BP manifests in the prehypertensive state [35].

The endothelial consequences of prehypertension are considerable and cannot be 
overlooked. Along with findings of poor endothelial fibrinolytic capacity, prehyper-
tension is also characterized by reduced nitric oxide-mediated endothelium-
dependent vasodilation, increased endothelin-1 vasoconstriction, increased arterial 
stiffness, and reduced endothelial repair [36].

Evidence has shown that large artery stiffening is one of the most important 
pathophysiological determinants of isolated systolic hypertension. Moreover, 
assessments of arterial stiffness have shown to have a predictive value for all-cause 
mortality and CV morbidity, in patients with essential hypertension [2].

Several prospective studies have identified increased arterial stiffness in prehy-
pertensive subjects as a risk factor for progression to hypertension. While long-term 
prehypertension may accelerate age-related increase of the arterial stiffness [37]. 
Suggesting that this vicious cycle towards development of hypertension may be 
further aggravated by additional CV risk factors as dysregulation of glucose metab-
olism and aging [38].

Prehypertension and left ventricular dysfunction were found significantly related 
to vascular inflammation and aortic stiffness, suggesting that an increased inflam-
matory process is involved in the pathophysiological mechanism of early cardiac 
and vascular alterations [39].

5.5	 �Pathophysiological Markers to Detect Risk 
for Prehypertension

Evidence suggests that inflammation may precede the elevation in BP contributing 
to the risk for incident hypertension. Using various inflammatory markers, a number 
of studies have found evidence that insulin resistance is associated with inflamma-
tion [29]. The ATTICA study, a cross-sectional population-based survey of 1514 
men and 1528 women, revealed an association between prehypertension and inflam-
matory markers (C-reactive protein (CRP), white blood cells (WBC), tumor necro-
sis factor-alpha (TNFα), amyloid-a and homocysteine) [40]. Additionally, a new 
analysis of the WBC counts in participants in the TROPHY trial revealed a 
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significant independent association of WBC counts with baseline BMI and triglyc-
erides showing further evidence that obesity and insulin resistance are associated 
with inflammation [41].

More recent research has focused on early detection of additional pathophysio-
logical markers as serum complement c3 and serum uric acid that may precede the 
development of prehypertension and prediabetes. Evidence suggests that circulating 
serum complement c3 might serve as a signal for an immune process that may lead 
to the development of impaired glucose tolerance [42]. Two recent studies by the 
same group of investigators found evidence indicating that elevated serum c3 levels 
were significantly related to an increased risk of developing prediabetes [43], and 
prehypertension [44], in an adult population in China, thus suggesting the use of c3 
as a biomarker in high-risk individuals to improve primary prevention of these 
disorders.

A link has been established between highly elevated levels of serum uric acid 
(hyperuricemia) and CVD. Insight into the pathogenic mechanism of this associa-
tion has been demonstrated in animal studies. Rat studies have shown that hyperuri-
cemia induced both hypertension as well as endothelial dysfunction which may lead 
to CVD [45].

Therefore, early detection of elevated SUA levels may provide as a biomarker in 
individuals at risk of developing prehypertension. A prospective study conducted in 
Italy included 1156 young to middle-age participants with a median of 11.4 years 
follow-up. The results showed participants with highly elevated SUA levels had a 
31% increased risk of hypertension compared to those with low levels of 
SUA. Although SUA was an independent predictor of hypertension they also found 
that physical activity may counteract the pathophysiological mechanisms involved 
in the association between hyperuricemia and future hypertension [46]. While a 
study conducted in Brazil among 3412 individuals aged 35–74 years found elevated 
SUA levels were associated with prehypertension only among men [47].

A study among 4817 adults in Singapore found higher SUA levels were associ-
ated with prehypertension detected among the study cohort [48]. This association 
was further confirmed by a meta-analysis including 21,832 prehypertensive indi-
viduals which determined a positive association between elevated SUA levels and 
the risk of prehypertension in the general population [49].

�Conclusions
Hypertension is a major modifiable risk factor for cardiovascular morbidity and 
mortality.

Nonpharmacological treatment interventions with lifestyle modifications 
(i.e., weight loss, increased physical activity, adopting the DASH diet) are rec-
ommended for all patients with prehypertension as these approaches were shown 
to effectively reduce the risk of CV events. Pharmacological antihypertensive 
treatment for prehypertensive individuals at increased risk of CV events due to 
concomitant comorbidities (obesity, diabetes, CV risk factors, target organ dam-
age, and metabolic syndrome) has shown beneficial for adequate BP control, in 
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numerous clinical trials. Risk-stratified, patient-centered approach to the treat-
ment of prehypertension allows an informed, safe, and effective balance of life-
style and medication interventions to prevent incident hypertension and CVD.

The utility of early detection of various pathophysiological markers (inflam-
matory markers, endothelial dysfunction, increased arterial stiffness, elevated 
levels of serum complement c3 and SUA) has shown beneficial for individuals at 
high risk for developing the cardiovascular metabolic syndrome to improve pri-
mary prevention of prehypertension and prediabetes.
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6.1	 �Definition of Prehypertension

Prehypertension is a term used to describe a condition of increased blood pressure 
(BP) which falls short of a formal definition of hypertension yet confers an increased 
risk of progression to hypertension and/or cardiovascular disease. The word itself 
has been first introduced in 2003, when Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure issued its seventh 
report (JNC-7) [1]. The report set the threshold for a normal blood pressure reading 
lower than ever before, at 120/80 millimeters of mercury (mmHg), and it also estab-
lished a new diagnostic category of “prehypertension” for those with BPs ranging 
from 120–139  mmHg systolic and/or 80–89  mmHg diastolic. Prehypertension 
emerged from the fusion of two categories employed by the JNC-6: high-normal BP 
(130–139/85–89 mmHg) and normal BP (120–129/80–84 mmHg). The decision to 
establish this new BP category was based on a number of factors. Framingham 
Heart Study investigators had reported the lifetime risk of hypertension to be 
approximately 90 percent in individuals whose BP was normal at age 55 years [2]. 
Furthermore, a meta-analysis of 61 prospective studies had shown that mortality 
from ischemic heart disease and stroke in individuals aged 40–89 years increases in 
a log-linear relationship with BP, from levels as low as 115 mmHg systolic and 
75 mmHg diastolic [3]. In addition, a WHO report had indicated that about 62% of 
cerebrovascular disease and 49% of ischemic heart disease were attributable to sub-
optimal blood pressure (systolic blood pressure >115 mmHg) globally [4]. However, 
the 2003 European Society of Hypertension-European Society of Cardiology (ESH/
ESC) guidelines [5] as well as the 2003 World Health Organization/International 
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Society of Hypertension (WHO/ISH) Statement on management of hypertension 
[6] did not share JNC-7’s view. The point of objection was the inhomogeneity 
within the prehypertension category in terms of cardiovascular risk. Individuals 
with BP 130–139/85–89 mmHg were more likely to progress to hypertensive values 
and to develop cardiovascular disease when compared to those with BP 
120–129/80–84 mmHg.

The JNC-7 guidelines made clear that prehypertension was not a disease cate-
gory and that people labeled prehypertensive should not be treated with drugs. 
Rather, it was a new designation intended to identify those individuals in whom 
early intervention by adoption of healthy lifestyle modifications could reduce BP, 
decrease the rate of progression to clinical hypertension with age, or to prevent 
hypertension entirely. Although lifestyle modifications have been shown to reduce 
BP and retard the development of manifest hypertension [7–9], people are reluctant 
to adopt healthy behaviors [10]. Even a past heart attack does not seem to encourage 
patients sufficient enough to adopt healthy lifestyle modifications. In PURE study 
[11], we found that the prevalence of healthy lifestyle behaviors among patients 
with a CHD or stroke event from countries with varying income levels was less than 
5%. Another source of concern for prehypertension was that dealing with large 
numbers of prehypertensive individuals might place excessive burdens on physi-
cians who already are having difficulty managing hypertensive patients.

Recently, several national and international guidelines for the management of 
hypertension have been published [12–17]. When these guidelines are reviewed and 
compared with respect to BP classification, significant discrepancies have been 
noted in nomenclature (Table 6.1). There appears to be three different approaches 
for classifying BP when it is in the range of 120–139/80–89 mmHg. First one is to 
call them all “prehypertensive” as suggested by JNC-7 and ASH/ISH [12] guide-
lines. Second one is to call them “normal” if it is 120–129/ 80–84  mmHg, and 
“high-normal” if it is 130–139/85–89  mmHg. European [13], Canadian [14], 
Australian [15], and Japanese [16] guidelines use this approach. The third and final 
approach is to ignore them, or call them all “normal” as it is in the British NICE 

Table 6.1  Blood pressure classifications in various hypertension guidelines for values of 
<140/90 mmHg

Guidelines Classifications Systolic BP (mmHg) Diastolic BP (mmHg)
JNC-7, 2003
ASH/ISH, 2013

Prehypertension
Normal

120–139
<120

80–89
<80

ESH/ESC, 2013
JSH, 2014
NHFA, 2016
CHEP, 2017

Optimal <120 <80
Normal 120–129 80–84
High-normal 130–139 80–84

NICE, 2011 (Updated in 2016) Normal <140 <90

ASH/ISH American Society of Hypertension/International Society of Hypertension, CHEP 
Canadian Hypertension Education Program, ESH/ESC European Society of Hypertension/
European Society of Cardiology, JNC-7 Seventh Joint National Committee, JSH Japanese Society 
of Hypertension, NHFA National Heart Foundation of Australia, NICE National Institute for 
Clinical Excellence
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guidelines [17]. Accordingly, if you have a blood pressure of 130/80 mmHg, it will 
be named as “prehypertension” in USA, “high-normal” in Europe, and “normal” in 
England. Guidelines like JNC, ESH/ESC, and NICE, are recognized by many phy-
sicians from different countries who do not have their own national guidelines. It 
should be noted that these physicians feel confused and unmotivated because of the 
disagreements between credible guidelines on major topics [18]. We wish develop-
ers of these guidelines would cooperate and make a consensus paper regarding these 
issues.

Currently, little is known about how often physicians use the prehypertension 
classification when treating patients, and how patients recall and respond to this 
information. Researchers from School of Medicine, University of North Carolina, 
conducted a trial [19] aiming to estimate how often patients with prehypertension 
are being told about it by their primary care physicians. Participants were asked to 
indicate whether a doctor or other health care provider had ever told them they had 
“prehypertension” (Yes/ No); a subsample of patients with measured BP in the pre-
hypertension range was asked the same question. Of 1008 non-hypertensive patients, 
1.9% indicated being told they had prehypertension. Among a subsample of 102 
patients with measured BP in the prehypertension range, 2.0% indicated being told 
they had prehypertension. This data may suggest physicians are reluctant to tell 
patients they have prehypertension and do not talk about lifestyle modification. One 
other explanation is that, clinicians counsel patients about lifestyle modifications 
that will reduce their chances of developing hypertension without labeling them 
with prehypertension. There, actually, is a claim that being labeled prehypertensive 
may have unintended negative consequences that could limit the potential benefits 
of early identification of elevated BP. Increases in work absenteeism [20], higher 
levels of physical symptoms [21], and lower health-related quality of life [22] have 
been reported among patients who are aware of their hypertension status compared 
with those who are hypertensive but unaware of the diagnosis. Negative outcomes 
are not explained by BP elevation itself or by drug treatment, suggesting that psy-
chological effects of being labeled likely play a significant role. Viera et al. [23], 
examined whether the label of prehypertension exerts a negative effect on patients’ 
perceived health and whether it motivates people to adopt lifestyle recommenda-
tions to prevent hypertension. They randomized 97 newly diagnosed prehyperten-
sive adults to either a labeling message or a generic (no label) message. Those in the 
“label” group received a standardized message delivered by a trained research assis-
tant. The participant was told that he/she had prehypertension; that was followed by 
a description of various lifestyle recommendations. Within the message the term 
“prehypertension” was mentioned several times. Those in the “no label” group 
received a very similar standardized message about lifestyle modifications without 
any mention of prehypertension. At 3 months there were no differences in reports of 
changing eating habits, cutting down on salt, reducing alcohol intake, or exercising 
to try to prevent hypertension. Perception of health parameters was also not differ-
ent at the end of the follow-up. Being labeled as prehypertensive seems to exert 
neither harmful nor helpful effects. In a similar study, Spruill et al. [24] evaluated 
the effects of labeling individuals with prehypertension on BP and health-related 
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quality of life. They randomly assigned 100 patients to either a “Labeled” group in 
which they were informed of their prehypertension, or an “Unlabeled” group in 
which they were not informed. Subjects underwent office BP measurement, 24 h 
ambulatory BP monitoring and completed self-report questionnaires at baseline and 
3 months. Their findings suggest that labeling patients with prehypertension does 
not have negative effects on BP or quality of life, at least in the short term. Thus, few 
studies with limited number patients suggest that prehypertension labeling may not 
be harmful to patients. It is also not particularly helpful. Studies are needed to deter-
mine approaches to communicate with prehypertensive patients that will increase 
the likelihood of lifestyle change and lead to improved health outcomes.

6.2	 �Diagnosis of Prehypertension

Blood pressure screening is sine qua non for the early diagnosis of hypertension. 
However, the diagnosis process is much more complex than it looks. Consider a 
patient with an office BP of >140/90 mmHg. Is this patient hypertensive? Indeed, 
confirmation of the initial BP by subsequent measurement(s) is needed before a 
patient can be diagnosed as hypertensive. According to the JNC-7, and the ESH/
ESC guidelines, BP classification should be based on the average of at least two 
properly measured, seated BP readings on each of at least two office visits. However, 
according to the CHEP, five visits with average BPs of >140 and/or >90 mmHg is 
needed to label a patient as hypertensive. On the other hand, NICE asks physicians 
to perform ambulatory BP monitoring to confirm the diagnosis of hypertension. If a 
person is unable to tolerate ambulatory BP monitoring, home BP monitoring of at 
least 4 days is recommended as a suitable alternative to confirm the diagnosis of 
hypertension. Indeed, out-of-office BP measurement currently remains the “gold 
standard” for screening, diagnosis, and management of hypertension. It is crucial 
for the diagnosis of white-coat effect and masked hypertension. Actual guidelines 
have proposed that levels of the self-measured BP at home of 135 mmHg systolic or 
85 mmHg diastolic or higher and/or 24 h ambulatory BP of 130 mmHg systolic or 
80 mmHg diastolic or higher indicate hypertension. However, out-of-office thresh-
olds for prehypertension and/or high-normal BP has not been identified in any of the 
existing guidelines. This may cause confusion in daily practice. For example, if a 
patient has an average office BP of 130/80 mmHg, you may call it prehypertension. 
What if the average home BP of the same patient is 115/75 mmHg? Does he/she 
really have prehypertension? Or should we call it “white-coat prehypertension” 
(i.e., prehypertension at office and normotension at home). As another example, 
what if the office BP is 110/70 mmHg, while the home BP is 130/80 mmHg? Should 
we call it “masked prehypertension”? (i.e., normotension at office and prehyperten-
sion at home). Recently, Niiranen et  al. [25] conducted a trial to determine an 
outcome-driven reference frame for home BP measurement based on individual 
participant data that includes all existing population cohorts with fatal and nonfatal 
outcomes available for analysis. They measured home and clinic BP in 6470 partici-
pants, and calculated the home BP levels that yielded 10-year absolute risks of 
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cardiovascular, cerebrovascular, or cardiac events similar to those associated with 
stages 1 (120–129/80–84) and 2 (130–139/85–89) prehypertension on clinic BP 
measurement. The rounded thresholds amounted to 120/75 and 125/80  mmHg, 
respectively. Head et  al. [26] evaluated 8575 patients to derive ambulatory BP 
equivalents to clinic BP thresholds for diagnosis of different stages of hypertension. 
Their analysis has shown that the closer the patient’s BP is to normal levels, the 
closer is the agreement between daytime ambulatory and clinic BP. On the other 
hand, the higher the BP, the greater the difference between ambulatory and clinic 
BP. The daytime systolic/diastolic ambulatory BP equivalent to the lower limit of 
grade 1 or mild hypertension (140/90) was estimated to be 4/3 mmHg lower (136/87) 
than clinic values; the estimate for grade 2 hypertension (160/100) was 8/4 mmHg 
lower (152/96) and for grade 3 hypertension (180/100) was 12/6  mmHg lower 
(168/105). Based on this data, systolic/diastolic ambulatory BP equivalent to the 
lower limit of prehypertension can be expected to be similar or slightly lower than 
that of the office value of 120/80 mmHg. More data are needed to identify home and 
ambulatory BP thresholds for prehypertension.

6.3	 �Epidemiology of Prehypertension

6.3.1	 �Prevalence

Numerous epidemiologic studies from different countries have documented the 
prevalence of prehypertension. Data from the 2011 and 2012 National Health and 
Nutrition Examination Survey (NHANES III) suggested that the prevalence of pre-
hypertension among adults in the United States was approximately 28% [27]. 
Reported prevalence of prehypertension for some other countries were as follows: 
China 36.4% [28], Japan 33% [29], India 33.2% [30], UK 43.9% [31], Canada 
27.2% [31], Netherlands 32.8% [32] sub-Saharan Africa 29.8%, [33], Brazil 36.1% 
[34], Belarus 34.3% [35], and Iran 47.3% [36]. Variations in the BP measurement 
methodology, age range of study participants, exclusion of individuals with hyper-
tension in some cohorts and the standard population chosen for age adjustment 
made direct comparisons of the studies difficult. In a systematic review and meta-
analysis of 20 cross-sectional and 6 longitudinal studies, the overall prevalence of 
prehypertension was 36% [37]. In accordance, PURE (Prospective Urban and Rural 
Epidemiological) study [38], assessing 153,996 individuals in 17 countries, found 
the prevalence of prehypertension as 36.8% (unpublished data). It turns out that a 
huge number of people in any given population are actually people with 
prehypertension.

Recently, data on the temporal changes in the prevalence of prehypertension and 
hypertension have also been published. A systematic analysis of population-based 
studies from 90 countries showed that the prevalence of hypertension decreased by 
2.6% in high-income countries but increased by 7.7% in low- and middle-income 
countries from 2000 to 2010 [39]. It has been suggested that aging and urbanization 
with accompanying unhealthy lifestyle may play a role in the epidemic of 
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hypertension in low- and middle-income countries. Evaluation of two cross-sec-
tional surveys conducted with participants aged >60 years in the same district in 
Beijing, China, and using the same methods in both 2001 and 2010 showed that the 
prevalence of prehypertension decreased, whereas the prevalence of hypertension 
increased with increasing age [40]. This finding was consistent with previous stud-
ies [41]. The explanation was that by this age most of the people with prehyperten-
sion would have already developed full-blown hypertension. On the other hand, 
according to the National Health and Nutrition Examination Surveys between 1999 
and 2012, the percentage of US adults with prehypertension decreased from 31.2 to 
28.2% without any increase in the rate of hypertension [27].

6.3.2	 �Distribution of Prehypertension by Age,  
Sex, and Race or Ethnicity

According to the WHO Global Health Observatory reports 2015 (last updated 
2017.01.11) [42] the global estimates of age standardized (+18 years old) preva-
lence of hypertension was 24.1% in men and 20.1% in women while age standard-
ized mean systolic BP was 127.0 and 122.3 mmHg, respectively. Hypertension 
was more common in males than females in nearly all countries for which data 
were available, with few exceptions (i.e., Ireland, Tajikistan, and Turkey) where 
the prevalence was the same in both sexes. Like hypertension, prehypertension 
has been found to be more prevalent among men than among women [43]. Gender 
differences in the distribution of prehypertension and hypertension seem to vary 
from culture to culture, which implies an interaction between social and biologi-
cal mechanisms. The prevalence of prehypertension increases with age in both 
genders, except for those >60  years of age because of a higher prevalence of 
hypertension [44].

In terms of race/ethnic variables, multiethnic comparison studies on prevalence 
have produced contradictory evidence. Reasons for Geographic and Racial 
Differences in Stroke (REGARDS) study (n = 5553 individuals with prehyperten-
sion) [45] found that the prevalence of prehypertension was higher in African-
American participants across all age and gender strata. In line with them, The 
Bogalusa Heart Study [46] indicated that prehypertension prevalence was higher 
among black compared to white participants. In the Women’s Health Initiative study 
[47], however, prehypertension was present in 39.5%, 32.1%, 42.6%, 38.7%, and 
40.3% of white, black, Hispanic, American Indian, and Asian women, respectively 
(P  =  0.0001 across ethnic groups). The Multi-Ethnic Study of Atherosclerosis 
(MESA) study [48] investigated the age-specific incidence of hypertension by eth-
nicity for 3146 participants. After adjustment for age, sex, and study site, the inci-
dence rate ratio for hypertension was increased for blacks age 45–74 years compared 
with whites. Hispanic participants also had a higher incidence of hypertension com-
pared with whites; however, hypertension incidence did not differ for Chinese and 
white participants. On the other hand, NHANES III found no difference in the 
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prevalence between Non-Hispanic whites, Non-Hispanic blacks, Mexican 
Americans, or others [49]. Recent study from China [50], a multi-ethnic country, 
where minorities have their specific dietary habits and lifestyles, which could influ-
ence their blood pressure status, demonstrated that prevalence of prehypertension 
was statistically different between ethnicities. A study from Europe [32] demon-
strated that the prevalence of prehypertension did not differ between the ethnic 
groups in men African Surinamese and Hindustani Surinamese women, however, 
had a higher prevalence of prehypertension than White Dutch women.

6.3.3	 �Incidence

Much less is known about the incidence of newly developed prehypertension than 
about its prevalence. In a Middle East population-based cohort, during a median 
follow-up of 9.2 years about half of the individuals who were normotensive at 
baseline had progressed to prehypertension [51]. Progression was more promi-
nent among men. In a subpopulation of Women’s Health Initiative, 3 years inci-
dence of prehypertension was 27.3% among Hispanic women [52]. Very recently, 
Hardy et al. [53] studied age, racial/ethnic, and sex-specific annual net transition 
probabilities between categories of BP using three NHANES cross-sectional sam-
ples. From ages 8 to 30 years, annual net transition probabilities from normal BP 
to prehypertension among male individuals were more than two times the net 
transition probabilities of their female counterparts. The largest net transition 
probabilities for ages 8–30 years occurred in African American young men, while 
Mexican American young women aged 8–30 years experienced the lowest normal 
to prehypertension transition. After age 40 years, normal BP to prehypertension 
net transition probabilities stabilized or decreased for men, whereas increased 
rapidly for women. Mexican American women exhibited the largest normal to 
prehypertension net transition probabilities after age 60 years. Authors suggest 
that primordial prevention beginning in childhood and into early adulthood is 
necessary to preempt the development of prehypertension as well as associated 
racial/ethnic and sex disparities.

6.3.4	 �Associated Risk Factors

Like hypertension, prehypertension tends to cluster with other cardiovascular risk 
factors such as dyslipidemia, obesity, and diabetes mellitus [54, 55]. It has been 
shown that almost 90% of individuals with prehypertension have at least one other 
traditional cardiovascular risk factor [56]. Association with inflammation [57], 
microalbuminuria [58], income status, education level, diet [28, 59, 60], and living 
in an urban or rural area [60] also have been reported with contradictory results. 
Prehypertension and associated metabolic risk factors will be discussed in detail 
elsewhere in this book.

6  Prehypertension: Definition and Epidemiology



74

References

	 1.	Chobanian AV, Bakris GL, Black HR, et al. The seventh report of the joint national committee 
on prevention, detection, evaluation, and treatment of high blood pressure: the JNC 7 report. 
JAMA. 2003;289:2560–71.

	 2.	Vasan RS, Larson MG, Leip EP, et al. Assessment of frequency of progression to hyperten-
sion in non- hypertensive participants in the Framingham Heart Study: a cohort study. Lancet. 
2001;358:1682–6.

	 3.	Lewington S, Clarke R, Qizilbash N, et al. Age-specific relevance of usual blood pressure to 
vascular mortality: a meta-analysis of individual data for one million adults in 61 prospective 
studies. Lancet. 2002;360:1903–13.

	 4.	World Health Report 2002. Reducing risks, promoting healthy life. http://www.who.int/
whr/2002/ Accessed 27 June 2017.

	 5.	European Society of Hypertension-European Society of Cardiology Guidelines Committee. 
European Society of Hypertension-European Society of Cardiology guidelines for the man-
agement of arterial hypertension. J Hypertens. 2003;21:1011–53.

	 6.	World Health Organization /International Society of Hypertension Writing group. 2003 World 
Health Organization (WHO)/International Society of Hypertension (ISH) statement on man-
agement of hypertension. J Hypertens. 2003;21:1983–92.

	 7.	Appel LJ, Champagne CM, Harsha DW, et al. Writing Group of the PREMIER Collaborative 
Research Group. Effects of comprehensive lifestyle modification on blood pressure control: 
main results of the PREMIER clinical trial. JAMA. 2003;289:2083–93.

	 8.	Prather AA, Blumenthal JA, Hinderliter AL, Sherwood A. Ethnic differences in the effects 
of the DASH diet on nocturnal blood pressure in individuals with high blood pressure. Am J 
Hypertens. 2011;24:1338–44.

	 9.	Faselis C, Doumas M, Kokkinos JP, et al. Exercise capacity and progression from prehyperten-
sion to hypertension. Hypertension. 2012;60:333–8.

	10.	Greenlund KJ, Daviglus ML, Croft JB. Differences in healthy lifestyle characteristics between 
adults with prehypertension and normal blood pressure. J Hypertens. 2009;27:955–62.

	11.	Teo K, Lear S, Islam S, et al; on behalf of PURE Study Investigators. Prevalence of a healthy 
lifestyle among individuals with cardiovascular disease in high-, middle- and low-income 
countries the Prospective Urban Rural Epidemiology (PURE) study. JAMA. 2013;310:959–68.

	12.	Weber MA, Schiffrin EL, White WB, et al. Clinical practice guidelines for the management of 
hypertension in the community a statement by the American Society of Hypertension and the 
International Society of Hypertension. J Hypertens. 2014;32:3–15.

	13.	Mancia G, Fagard R, Narkiewicz K, et  al. The Task Force for the management of arterial 
hypertension of the European Society of Hypertension (ESH) and of the European Society of 
Cardiology (ESC). 2013 ESH/ESC guidelines for the management of arterial hypertension. 
Eur Heart J. 2013;34:2159–219.

	14.	Leung AA, Daskalopoulou SS, Dasgupta K, et al. Hypertension Canada’s 2017 guidelines for 
diagnosis, risk assessment, prevention and treatment of hypertension in adults. Can J Cardiol. 
2017;33:557–76.

	15.	Gabb GM, Mangoni AA, Anderson CS, et al. Guideline for the diagnosis and management of 
hypertension in adults, 2016. Med J Aust. 2016;205:85–9.

	16.	Shimamoto K, Ando K, Fujita T, et  al. Japanese Society of Hypertension Committee for 
Guidelines for the Management of Hypertension: the Japanese Society of Hypertension 
Guidelines for the Management of Hypertension (JSH 2014). Hypertens Res. 2014;37:253–387.

	17.	National Institute for Health and Care Excellence. Hypertension: clinical management of 
primary hypertension in adults (Clinical guideline 127). http://guidance.nice.org.uk/CG127. 
Accessed 27 June 2017.

	18.	Gulec S. Early diagnosis saves lives: focus on patients with hypertension. Kidney Int Suppl. 
2013;3:332–4.

	19.	Viera AJ, Bangura F, Mitchell CM, et al. Do clinicians tell patients they have prehypertension? 
J Am Board Fam Med. 2011;24:117–8.

S. Gulec and C. Erol

http://www.who.int/whr/2002/
http://www.who.int/whr/2002/
http://guidance.nice.org.uk/CG127


75

	20.	Haynes RB, Sackett DL, Taylor DW, et al. Increased absenteeism from work after detection 
and labeling of hypertensive patients. N Engl J Med. 1978;299:741–4.

	21.	Stewart JC, France CR, Sheffield D. Hypertension awareness and pain reports: data from the 
NHANES III. Ann Behav Med. 2003;26:8–14.

	22.	Barger SD, Muldoon MF.  Hypertension labelling was associated with poorer self-rated 
health in the Third US National Health and Nutrition Examination Survey. J Hum Hypertens. 
2006;20:117–23.

	23.	Viera AJ, MD MPH, et al. Effects of labeling patients as prehypertensive. J Am Board Fam 
Med. 2010;23:571–83.

	24.	Spruill TM, Feltheimer SD, Harlapur M, et al. Are there consequences of labeling patients 
with prehypertension? An experimental study of effects on blood pressure and quality of life. 
J Psychosom Res. 2013;74:433–8.

	25.	Niiranen TJ, Asayama K, Thijs L, et al. for the International Database of HOme blood pres-
sure in relation to Cardiovascular Outcome Investigators. Outcome-driven thresholds for home 
blood pressure measurement international database of home blood pressure in relation to car-
diovascular outcome. Hypertension. 2013;61:27–34.

	26.	Head GA, Mihailidou AS, Duggan KA, et al. Definition of ambulatory blood pressure targets 
for diagnosis and treatment of hypertension in relation to clinic blood pressure: prospective 
cohort study. BMJ. 2010;340:c1104.

	27.	Booth JN, Li J, Zhang L, et al. Trends in prehypertension and hypertension risk factors in US 
adults1999–2012. Hypertension. 2017;70(2):275–84.

	28.	Meng XJ, Dong GH, Wang D, et  al. Epidemiology of prehypertension and associated risk 
factors in urban adults from 33 communities in China—The CHPSNE Study. Circ J. 
2012;76:900–6.

	29.	 Ishikawa Y, Ishikawa L, Ishikawa S, et al. for the JMS Cohort Investigators Group. Prevalence 
and determinants of prehypertension in a Japanese general population: The Jichi Medical 
School Cohort Study. Hypertens Res. 2008;31:1323–30.

	30.	Gupta R, Deedwania PC, Achari V, et al. Normotension, prehypertension, and hypertension 
in urban middle-class subjects in India: prevalence, awareness, treatment, and control. Am J 
Hypertens. 2013;26:83–94.

	31.	Joffres M, Falaschetti E, Gillespie C, et al. Hypertension prevalence, awareness, treatment and 
control in national surveys from England, the USA and Canada, and correlation with stroke 
and ischaemic heart disease mortality: a cross-sectional study. BMJ Open. 2013;3:e003423. 
https://doi.org/10.1136/bmjopen-2013-003423.

	32.	Agyemang C, van Valkengoed I, van den Born BJ, Stronks K.  Prevalence and determi-
nants of prehypertension among African Surinamese, Hindustani Surinamese, and White 
Dutch in Amsterdam, the Netherlands: The SUNSET study. Eur J Cardiovasc Prev Rehabil. 
2007;14:775–81.

	33.	Guwatudde D, Nankya-Mutyoba J, Kalyesubula R, et al. The burden of hypertension in sub-
Saharan Africa: a four-country cross sectional study. BMC Public Health. 2015;15:1211. 
https://doi.org/10.1186/s12889-015-2546-z.

	34.	Silva DA, Petroski EL, Peres MA, et  al. Prehypertension and hypertension among adults 
in a metropolitan area in southern Brazil: population-based study. Rev Saude Publica. 
2012;46:988–98.

	35.	Podpalov V, Stchastlivenko AI, Zhurova ON, et al. Prevalence of prehypertension, hyperten-
sion and cardiovascular risk factors in a Belarus urban population. Eur Heart J. 2013;34(Suppl 
1):5960.

	36.	Tabrizi JS, Bazargani HS, Farahbakhsh M, et al. Prevalence and associated factors of prehyper-
tension and hypertension in Iranian population: Lifestyle Promotion Project (LPP). PLos One. 
2016. https://doi.org/10.1371/journal.pone.0165264.

	37.	Guo X, Zou L, Zhang X, et al. Prehypertension: a meta-analysis of the epidemiology, risk fac-
tors, and predictors of progression. Tex Heart Inst J. 2011;38:643–52.

	38.	Teo K, Chow CK, Vaz M, et al. The Prospective Urban Rural Epidemiology (PURE) study. Am 
Heart J. 2009;158:1–7.

6  Prehypertension: Definition and Epidemiology

https://doi.org/10.1136/bmjopen-2013-003423
https://doi.org/10.1186/s12889-015-2546-z
https://doi.org/10.1371/journal.pone.0165264


76

	39.	Mills KT, Bundy JD, Kelly TN, et  al. Global disparities of hypertension prevalence and 
control a systematic analysis of population-based studies from 90 countries. Circulation. 
2016;134:441–50.

	40.	Wu L, He Y, Jiang B, et  al. Trends in prevalence, awareness, treatment and control of 
hypertension during 2001–2010  in an urban elderly population of China. PLoS One. 
2015;10(8):e0132814. https://doi.org/10.1371/journal.pone.0132814.

	41.	Chiu YH, Wu SC, Tseng CD, et  al. Progression of pre-hypertension, stage 1 and 2  
hypertension (JNC 7): a population-based study in Keelung, Taiwan (Keelung Community-
based Integrated Screening No. 9). J Hypertens. 2006;24:821–8.

	42.	WHO Global Observatory data. http://apps.who.int/gho/data/view.
main.12467GLOBAL?lang=en. Accessed 22 June 2017.

	43.	Grotto I, Grossman E, Huerta M, Sharabi Y. Prevalence of prehypertension and associated 
cardiovascular risk profiles among young Israeli adults. Hypertension. 2006;48:254–9.

	44.	Wang Y, Wang QJ.  The prevalence of prehypertension and hypertension among US adults 
according to the new Joint National Committee guidelines. Arch Intern Med. 2004;164:2126–34.

	45.	Glasser SP, Judd S, Basile J, et al. Prehypertension, racial prevalence and association with risk 
factors: analysis of the REasons for Geographic And Racial Differences in Stroke (REGARDS) 
Study. Am J Hypertens. 2011;24:194–9.

	46.	Toprak A, Wang H, Chen W, et al. Prehypertension and black-white contrasts in cardiovascular 
risk in young adults: Bogalusa heart study. J Hypertens. 2009;27:243–50.

	47.	Hsia J, Margolis KL, Eaton CB, et  al. for the Women’s Health Initiative Investigators. 
Prehypertension and cardiovascular disease risk in the Women’s Health Initiative. Circulation. 
2007;115:855–60.

	48.	Carson AP, Howard G, Burke GL. Ethnic differences in hypertension incidence among middle-
aged and older adults the multi-ethnic study of atherosclerosis. Hypertension. 2011;57:1101–7.

	49.	Gu Q, Burt VL, Paulose-Ram R, et al. High blood pressure and cardiovascular disease mor-
tality risk among U.S. adults: the third National Health and Nutrition Examination Survey 
mortality follow-up study. Ann Epidemiol. 2008;18:302–9.

	50.	Xu T, Liu J, Zhu G, et al. Prevalence of prehypertension and associated risk factors among 
Chinese adults from a large-scale multi-ethnic population survey. BMC Public Health. 
2016;16:775. https://doi.org/10.1186/s12889-016-3411-4.

	51.	Hadaegh F, Hasheminia M, Abdi H et al. (2015) Prehypertension Tsunami: a decade follow-up 
of an Iranian adult population. PLoS One. 10(10):e0139412. https://doi.org/10.1371/journal.
pone.0139412.

	52.	Zambrana RE, López L, Dinwiddie GY, et al. Prevalence and incident prehypertension and 
hypertension in postmenopausal Hispanic women: results from the Women’s Health Initiative. 
Am J Hypertens. 2014;27:372–81.

	53.	Hardy ST, Holliday KM, Chakladar S, et al. Heterogeneity in blood pressure transitions over 
the life course. Age-specific emergence of racial/ethnic and sex disparities in the United States. 
JAMA Cardiol. 2017;2:653. https://doi.org/10.1001/jamacardio.2017.0652.

	54.	Gupta AK, McGlone M, Greenway FL, Johnson WD. Prehypertension in disease-free adults: 
a marker for an adverse cardiometabolic risk profile. Hypertens Res. 2010;33:905–10.

	55.	Greenlund KJ, Croft JB, Mensah GA.  Prevalence of heart disease and stroke risk fac-
tors in persons with prehypertension in the United States, 1999–2000. Arch Intern Med. 
2004;164:2113–8.

	56.	Mainous AG 3rd, Everett CJ, Liszka H, et al. Prehypertension and mortality in a nationally 
representative cohort. Am J Cardiol. 2004;94:1496–500.

	57.	Chrysohoou C, Pitsavos C, Panagiotakos DB, et al. Association between prehypertension sta-
tus and inflammatory markers related to atherosclerotic disease: The ATTICA Study. Am J 
Hypertens. 2004;17:568–73.

S. Gulec and C. Erol

https://doi.org/10.1371/journal.pone.0132814
http://apps.who.int/gho/data/view.main.12467GLOBAL?lang=en
http://apps.who.int/gho/data/view.main.12467GLOBAL?lang=en
https://doi.org/10.1186/s12889-016-3411-4
https://doi.org/10.1371/journal.pone.0139412
https://doi.org/10.1371/journal.pone.0139412
https://doi.org/10.1001/jamacardio.2017.0652


77

	58.	Navarro-gonzález JF, Mora C, Muros M, et al. Relationship between inflammation and micro-
albuminuria in prehypertension. J Hum Hypertens. 2013;27:119–25.

	59.	Yang G, Ma Y, Wang S, et al. Prevalence and correlates of prehypertension and hypertension 
among adults in Northeastern China: a cross sectional study. Int J Environ Res Public Health. 
2016;13:82. https://doi.org/10.3390/ijerph13010082.

	60.	Hu L, Huang X, You C, et al. Prevalence and risk factors of prehypertension and hyperten-
sion in Southern China. PLoS One. 2017;12(1):e0170238. https://doi.org/10.1371/journal.
pone.0170238.

6  Prehypertension: Definition and Epidemiology

https://doi.org/10.3390/ijerph13010082
https://doi.org/10.1371/journal.pone.0170238
https://doi.org/10.1371/journal.pone.0170238


79© Springer International Publishing AG, part of Springer Nature 2019
R. Zimlichman et al. (eds.), Prehypertension and Cardiometabolic Syndrome, 
Updates in Hypertension and Cardiovascular Protection, 
https://doi.org/10.1007/978-3-319-75310-2_7

7Prehypertension, Statistics and Health 
Burden

Andrzej Januszewicz and Aleksander Prejbisz

7.1	 �Introduction

The decision to establish prehypertension, the new blood pressure category, was 
based on the number of factors and highlighted the relevance of the observational 
studies in adults between 40 and 80 years of age. They indicated that the risk of 
cardiovascular disease [CVD] increased progressively beginning from levels as low 
as 115/75 mmHg upward with doubling of the incidence of both coronary heart 
disease [CHD] and stroke for every 20/10 mmHg increment of systolic and diastolic 
BP [1, 2].

As indicated by several studies since the population continues to age in most 
countries worldwide and BP increases with age, clinical practice focused on hyper-
tension care becomes more relevant. Therefore designation of prehypertension was 
established to focus attention on the segment of the population representing higher-
than-normal CVD risk and whom therapeutic approaches to prevent or delay the 
onset of hypertension would be of value [3–5].

Since release of the Seventh Joint National Committee on the Prevention, 
Detection, Evaluation and Treatment of Hypertension [JNC-7] report in 2003, new 
data provided a compelling argument for using the concept of prehypertension and 
focusing attention on the range of systolic blood pressure of 120–139 mmHg and 
diastolic BP between 80 and 89 mmHg as having clinical and public health signifi-
cance [6].

Many reports and articles has been published on prehypertension over the past 
decade and new data have been provided on the prevalence, the rate of progression 
to hypertension, association with other cardiovascular risk factors and its relation-
ship to the development of cardiovascular disease. It has been clearly documented 
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that blood pressure in the prehypertension range is carrying higher rates of incident 
hypertension and cardiovascular events than optimal BP < 120/<80 mmHg [1–6].

The prehypertensive category has been stratified into stage 1 prehypertension 
with blood pressure 120–129/80–84 mmHg and stage 2 prehypertension reflecting 
blood pressure 130–139/85 to 89 mmHg. Of note, most individuals with stage 2 
prehypertension have 1 or more concomitant conditions associated with increased 
cardiovascular risk and this term may better reflect the risk of progression to hyper-
tension and cardiovascular disease than stage 1 prehypertension. However the 
stage 1 prehypertension with BP in the range of 120 to 129/80 to 84 mmHg is also 
associated with increased risk but approximately half of that stage 2 prehyperten-
sion [6, 7].

Stage 2 prehypertension progresses to hypertension at a rate of about 8–14% 
annually, which is twofold to threefold higher than blood pressure <120/80 mmHg. 
Adults with stage 2 prehypertension are also suffering from CVD approximately 
twice as likely as adults with optimal BP. From 2005 to 2006, approximately 3 of 8 
adults in the United States had BP in the stage 1 prehypertensive range of 120 to 
139/80 to 89 mmHg and roughly 1 in 8 adults had BP in the range of 130 to 139/85 
to 89 mmHg referred as stage 2 prehypertension [1, 6, 7].

Of note, the designation of prehypertension by JNC-7 had raised concerns since 
this category increased the number of individuals targeted for BP modification by 
millions in the United States. More importantly, the prehypertensive subgroup rep-
resents a heterogenous cohort of individuals with varying risk profiles for cardiovas-
cular disease.

7.2	 �Prevalence of Prehypertension

7.2.1	 �Prevalence of Prehypertension  
in Population-Based Studies

The prevalence of prehypertension and its associated risk factors has been investi-
gated worldwide indicating that prehypertension is a common condition across age, 
sex, ethnicity, and geographical boundaries in countries with both developed and 
developing economies. Of note the estimates of prehypertension prevalence are 
based on office or clinic blood pressure measurements and do not include out-of-
office values [6].

Prevalence estimates in population-based samples range from 22 to 38% with 
only few studies reporting higher prevalence than 50% (Table 7.1). This indicates 
that data about the prevalence of prehypertension in populations worldwide are not 
consistent and depend on age, geographical region, and population studied [1–7].

Cross-sectional analysis of national representative data collected from 4805 
adults 18 years and older surveyed in the 1999–2000 National Health and Nutrition 
Examination Survey [NHANES] estimated the prevalence of prehypertension in the 
United States based on JNC-7 guidelines [8].
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As evaluated from 1999 to 2000 the prevalence of prehypertension in the United 
States was approximately 70 million in the age group >20 years and was more com-
mon in men [42 million] than in women [28 million], in younger and middle-age 
than older adults and in Hispanic than African-American individuals [8].

One of the important findings of the NHANES 1999–2000 survey was to show 
that abdominal obesity is associated with increased risk of prehypertension in 
American men and women. In this study, abdominal obesity was associated with 
increased risk of prehypertension in whites, blacks, and Hispanics being indepen-
dent of age, blood glucose, total cholesterol, exercise, and current smoking [9].

The survey indicated that proportions of risk of prehypertension explained by 
abdominal obesity were 15.2%, 22%, and 25.8% in white, black, and Hispanic men, 
respectively. The analogous values in women were 38.8%, 58.6%, and 32.5% 
clearly demonstrating that prehypertension could have been avoided if abdominal 
obesity was absent in both men and women of the three ethnic groups [9].

These data further indicated gender differences in the response of abdominal 
obesity for prehypertension. Approximately 7% of the differences in the risk of 
developing prehypertension between white and black men and between white and 
Hispanic men may be attributable to differences in rates of abdominal obesity. 
The analogous values for women were approximately 39.7% and 16.5%, respec-
tively [9].

In conclusion, despite having lower rates of abdominal obesity than their coun-
terparts, black men, Hispanic men, and Hispanic women had high population attrib-
utable risks. This may indicate that other factors than abdominal obesity may have 
explained power for racial differences in prehypertension in these groups.

Another report from the National Health and Nutrition Examination Survey 
[NHANES] conducted in 2005 to 2006 showed that approximately 37% of US 
adults had prehypertension. The number of adults with prehypertension was esti-
mated to be approximately 83 million based on extrapolations from NHANES 
2005–2006 [7].

Among this group, roughly 3 of 8 US adults, or approximately 31 million, have 
stage 2 prehypertension. The NHANES 2005–2006 report showed that prehyperten-
sion is associated not only with concomitant cardiovascular risk factors but also 
with several adverse health outcomes including new-onset diabetes and hyperten-
sion, cognitive impairment and increased number of CVD events [7].

Also data on the temporal changes in the prevalence of prehypertension and car-
diovascular risk factors were analyzed from 30,958 US adults >20 years of age who 
participated in the National Health and Nutrition Examination Surveys between 
[NHANES] 1999 and 2012 [10].

The recent study showed that during this time period, the prevalence of prehyper-
tension has decreased modestly since 1999–2000. However the prevalence of sev-
eral risk factors for cardiovascular disease and incident hypertension increased 
among US adults with prehypertension, including prediabetes, diabetes mellitus, 
overweight, and obesity. There was also nonstatistically decrease in prevalence of 
adhering to the Dietary Approaches to Stop Hypertension eating pattern [10].
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Of note the prospective cohort analysis among 8960 middle-aged adults in the 
Atherosclerosis Risk in Communities [ARIC] study showed that prehypertension 
levels of BP were clearly associated with the significant increase in incident cardio-
vascular disease. The effect of prehypertension was particularly pronounced among 
blacks, individuals with diabetes mellitus, elevated BMI and relatively low LDL 
cholesterol levels. These findings may provide compelling evidence for screening 
and early detection in vulnerable groups [2].

The population-based study included 4272 Mexican adult men and women aged 
20–65  years representing northern, middle, and southern parts of Mexico. The 
results of the study showed the prevalence of prehypertension in 37.5% of Mexican 
adults [11].

Several studies estimated the prevalence of prehypertension in China in different 
geographical regions and populations, including urban and urban cohorts.

The prevalence of prehypertension was estimated in a representative sample of 
25,196 adults aged 18–74 years in northeast of China. The Control hypertension and 
Other Risk Factors to Prevent Stroke with Nutrition Education in Urban Area of 
Northeast China [CHPSNE] Study was a cross-sectional study on hypertension and 
stroke risk factors among urban residents of northeast China years selected from 
2009 to 2010 [12].

Overall, 40.5% of urban Chinese adults had prehypertension with the prevalence 
of 47.7% and 33.6% in men and women, respectively, and is associated with many 
risk factors [12].

In another China National Hypertension Survey prospective cohort study includ-
ing 169,871 Chinese adults aged 40 years and older data on blood pressure were 
obtained at baseline examination in 1991 and from follow-up examination con-
ducted in 1999–2000. A multistage random cluster sampling design was used to 
select a representative sample of the general Chinese population from 17 provinces 
in the mainland China [13].

The results from China National Hypertension Survey Epidemiology Follow-up 
Study showed that the prevalence of prehypertension was 34.5% and was signifi-
cantly associated with an increased relative risk of cardiovascular disease [13].

Another population-based, cross-sectional survey of the Chinese Physiological 
Constant and Health Condition [CPCHC] was conducted between 2008 and 2010 
with the aim to estimate the prevalence of prehypertension coexisting with predia-
betes. Representative samples of the general population were selected from two 
urban and two rural areas provinces in mainland China [14].

The study showed that the prevalence of coexisting prehypertension and predia-
betes was 11%, was higher in men [14.2%] than in women [8.4%], increased with 
age and body mass index and was the lowest among Mongolian-Chinese [14].

Three cross-sectional surveys were conducted in Shandong province in the rural 
population of eastern China. The sample population included 8359, 18,922, and 
20,167 subjects included in 1991, 2002, and 2007, respectively [15].

The study documented that among the Chinese rural population, the prevalence 
of prehypertension increased significantly from 1991 to 2002 and remained high 
from 2002 until 2007. After adjustment for age and sex the prevalence of 
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prehypertension over the period of 16 years increased from 33.8% in 1991 to 54.6% 
in 2007. In each survey, the prevalence of prehypertension tended to decline with 
increasing age in both men and women [15].

In 2007, a cross-sectional population survey of CRF’s was carried out among 
19,003 adults aged 18–76 years in suburban Beijing indicating that the prevalence 
of prehypertension was 35.7% [38.2% in men and 31.8% in women]. Overall, 
85.3%, 49.8%, and 17.8% of men with prehypertension had one or more, two or 
more, and three or more CV risk factors, respectively [16].

The prevalence of prehypertension was also evaluated in the other Asian coun-
tries. The Jichi Medical School Cohort Study enrolled 11,000 community dwelling 
persons aged 18–90 years from general Japanese population and then followed for 
the average of 10.7 years. Participants aged 65 years and older constituted 22.8% of 
the sample [17].

In this study of a large sample of the Japanese general population the prevalence 
of prehypertension was 32.3% and was associated with an increased 10-year risk of 
cardiovascular disease [17].

The Korean National Health and Nutrition Examination Survey [KNHNES], a 
cross-sectional nationally representative survey conducted in 2001 collected mea-
sured blood pressure data and determined the prevalence of prehypertension in 
association with the risk factors in the Korean population [18].

Data from a comprehensive questionnaire together with a physical examination 
and blood sample were obtained and analyzed from 6074 Korean adults aged 
>20 years. The estimated age-adjusted prevalence of prehypertension was 31.6% 
[41.9% in men and 25.9% in women]. The KNHNES study indicated that male sex, 
aging, and obesity were predictors of prehypertension. Interestingly, a decreasing 
prevalence of prehypertension with age was found in this study [18].

The Nutrition and Health Survey in Taiwan [NAHSIT], a cross-sectional survey 
of 1039 men and 1186 women aged 18–96 years showed the overall prevalence of 
prehypertension of 34% in Taiwanese adults and was greater in men than in women. 
Multivariable logistic regression revealed that age and BMI were the determinants 
of prehypertensive status in men while age, waist circumference, and triglycerides 
were the determinants in women [19, 20].

Few studies showed a relatively high prevalence of prehypertension in geograph-
ically different populations. Between 1991 and 1999, a large population-based 
sample of 36,424 Israel Defense Forces young healthy employees underwent peri-
odic medical evaluation in Israel. Prehypertension was observed in 48.9% of the 
subjects and was 50.6% among men and 35.9% among women. The prevalence of 
prehypertension remained constant across age groups among men but increased 
with age among women [21].

Multivariate logistic regression analysis showed that male gender was the most 
powerful predictor of prehypertension and BMI was the strongest modifiable pre-
dictor of prehypertension among men and women.

Another study determined the prevalence of prehypertension in Africa in two eth-
nic groups of 782 individuals representing Sokoto State of northwestern Nigeria. The 
prevalence rate of prehypertension was 58.7% [men 59.2%, women 58.2%] [22].
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The study showed that as compared to hypertension, prehypertension had earlier 
onset [second versus third decade] and peak [fourth versus fifth decade] of life. 
Obesity, abnormalities of glucose metabolism, and insulin resistance were the major 
factors associated with prehypertension.

A nationwide cross-sectional survey of 69,722 adults aged 25–65 years was con-
ducted in Iran from 2004 to 2005 with the objective to estimate the prevalence of 
prehypertension. It was also found that the estimated prevalence of prehypertension 
was 59.6% in men and 44.5% in women [23].

Prehypertension tended to increase with age and was more common in overweight 
and obese men and women and was also associated with the higher prevalence of 
additional cardiovascular risk factors which result in a high-risk profile [23].

Although the ethnicity most likely plays a role in the pathogenesis of prehyper-
tension, the current studies about the prevalence of prehypertension do not support 
the hypothesis that difference could be attributable to ethnicity per se.

These results do not indicate an ethnical pattern and for instance the prevalence 
of prehypertension in selected Chinese populations is similar to the prevalence 
found in the Mexican population. In addition, the prevalence of prehypertension in 
the United States [31%] is similar to the prevalence of Korea [31.6%] and Japan 
[32%]. The variability of prehypertension prevalence emphasizes that in addition 
to ethnicity, other risk factors play an important role in the development of prehy-
pertension [1–6].

Of note, cross-sectional studies conducted to establish the associated risk factors 
for developing prehypertension demonstrated that aging, sex, low educational level, 
smoking, alcohol consumption, BMI, diabetes, elevated plasma glucose, triglycer-
ides, cholesterol levels, and low HDL-c levels were significantly associated with 
prehypertension [1–8].

7.2.2	 �Prevalence of Prehypertension in Selected Populations

Prehypertension prevalence in selected population studies is generally similar to the 
findings in population-based studies, after accounting for differences in age, sex, 
and inclusion or exclusion of patients with hypertension.

Studies that excluded subjects with hypertension reported a higher prevalence of 
prehypertension in comparison to those that included individuals with hypertension 
from the same countries. The prevalence of prehypertension was >30% in all studies 
including individuals with a mean BMI in the overweight range.

The prevalence of prehypertension in individuals with and without diabetes was 
estimated in the Strong Heart Study including 2629 participants free from hyperten-
sion and cardiovascular disease at baseline examination. They were followed for 
12 years to observe the prevalence of incident cardiovascular disease [24].

The results from the Strong Heart Study showed that the prevalence of prehyper-
tension was high in nondiabetic [48.2%] and even higher [59.4%] in diabetic non-
hypertensive American Indians. Prehypertension was related to an increased 
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subsequent cardiovascular event rate in both diabetic and nondiabetic participants, 
but this increase was greater in individuals with diabetes [24].

The prevalence of prehypertension in white and nonwhite postmenopausal 
women was determined in the Women’s Health Initiative [WHI], a large cohort of 
60, 785 participants that included black, Hispanic, and Asian women. The preva-
lence of prehypertension was 39% among WHI study participants at baseline [25].

Prehypertension was identified in 39.9%, 32.1%, 42.6%, 38.7%, and 40.3% of 
white, black, Hispanic, American Indian, and Asian women, respectively. The dis-
tribution of blood pressure categories differed among ethnic groups.

It was found that age, body mass index, and prevalence of diabetes mellitus and 
hypercholesterolemia increased across the BP categories, whereas current smoking 
was more prevalent among normotensive women compared with those with prehy-
pertension and hypertension [25].

The differences in cardiovascular event rates between women with prehyper-
tension and hypertension in WHI study were seen and when compared with refer-
ent normotensive women, the hazard ratio for the composite cardiovascular 
outcome was 1.66 for women with prehypertension and 2.89 for those with hyper-
tension [25].

Another study Reasons for Geographic And Racial Differences in Stroke 
[REGARDS] recruited approximately equal representation of white and black par-
ticipants of total population of 30,239 aged 45 years and older [26].

The REGARDS study showed that the overall prevalence of prehypertension 
was 17%—however after excluding subjects with hypertension it was 51%.

It was observed that the prevalence of prehypertension was higher by age and 
black race and a higher prevalence of prehypertension was observed in obese indi-
viduals, self-reported heart disease and those with elevated hsCRP, diabetes and 
microalbuminuria compared to those without these factors. Heavy alcohol con-
sumption in white participants was associated with increased odds of prehyperten-
sion and was even greater in black participants [26].

7.2.3	 �Prevalence of Prehypertension Based on Meta-Analyses

The prevalence and risk factors for prehypertension were investigated in the meta-
analysis which included 20 cross-sectional and 6 longitudinal studies with a total 
sample of 250,741 individuals of age range from 35 to 60 years. Most of the studies 
were conducted in East Asia [27].

The results indicated that pooled prevalence of prehypertension was 36% and 
was higher among males than that among females [40% vs. 33%]. After removing 
non-East Asian countries it has been found that pooled prevalence of prehyperten-
sion in 11 studies from China, Japan, and Korea was 35% and was similar to the 
overall pooled prevalence [27].

In another meta-analysis of incident cardiovascular disease in 18 prospective 
studies, estimates of prehypertension prevalence ranged from 25.2 to 46.0% [28].
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Of the 18 studies 11 were from Asia [3 from China, 6 from Japan and 2 from 
Iran], 5 were from the United States and 1 each was from Turkey and Germany. The 
proportion of Asians was 79.6%. The sample size ranged from 1702 to 158, 666 and 
the follow-up duration ranged from 2.7 years to 31 years. All studies adjusted ade-
quately for potential confounders—at least five of six factors—including age, sex, 
diabetes mellitus, BMI cholesterol, and smoking [28].

The results of this meta-analysis showed that the estimates for prehypertension 
ranged from 32.6 to 41.1% for the five US studies, from 25.2 to 46.0% for the five 
Japanese studies, and from 30.0 to 35.3% for the three Chinese studies [28].

7.3	 �Risk of Incident Hypertension

Individuals with prehypertension are carrying a twofold to threefold higher risk of 
developing hypertension than those who are normotensive. Several factors related to 
study design may affect annual transition rates from prehypertension to hypertension 
including the duration of follow-up and whether the population includes the full range 
of prehypertension [120–139/80–89 mmHg] or only stage 2 prehypertension [1–7].

Several studies indicate that absolute percentages of incident hypertension are 
generally higher with longer periods of observations when similar baseline blood 
pressure values are compared, but the annualized rates of incident hypertension are 
higher for the studies of shorter duration [1–7].

In contrast to annual incident hypertension rates of 8–20% reported in the studies 
lasting 2–4 years, annualized incident hypertension is 4–9% in studies with the 7–8 
follow-up. In one of the studies 57.3% of the original non-hypertensive cohort were 
hypertensive at 3.5 years, and 60.3% were hypertensive at 7 years [1–8].

Several studies have identified factors which may predict progression from pre-
hypertension to hypertension during the period of observation.

The Framingham Heart Study assessed frequency of progression from prehyper-
tension to hypertension in non-hypertensive participants and showed a stepwise 
increase in incidence of hypertension across the three non-hypertensive BP catego-
ries [29].

It has been demonstrated that 5.3% of participants with optimum BP categories, 
17.6% with normal and 37.3% with high-normal BP [stage 2 prehypertension] aged 
below 65 years progressed to hypertension over 4 years, respectively [29].

The study also documented for patients 65 years and older that corresponding 
4-year rates of progression from prehypertension to hypertension were 16%, 25.5%, 
and 49.5%, respectively. Obesity and weight gain also contributed to the progres-
sion and a 5% weight gain on the follow-up was associated with 20–30% increased 
odds of hypertension [29].

In conclusion, it has been demonstrated that older individuals and those with 
high-normal BP were more likely to progress to hypertension than younger people 
and those with normal or optimum BP. Incidence rates of hypertension were similar 
for men and women and multivariable analyses identified baseline body mass index 
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and weight gain as important determinants of future hypertension. In addition, sys-
tolic rather than diastolic BP was the major determinant of progression to 
hypertension.

In the Trials of Hypertension Prevention, 44% of the usual-care group that was 
prehypertensive at baseline developed hypertension during the 4-year follow-up. By 
contrast, the three intervention groups—implementing weight loss, sodium restric-
tion, and both interventions together—had a significantly reduced relative risk 
[0.78–0.82] of incident hypertension after 4 years [6, 7].

In the TROPHY study, 63% of the placebo treated patients aged 30–65 years 
with stage 2 prehypertension progressed to hypertension within 4 years, and >40% 
had progressed after only 2 years. In the PHARAO study, in adults with stage 2 
prehypertension, 43% of the group randomly allocated to placebo developed hyper-
tension in 3 years [6, 30].

Of note, the incidence rate in the PHARAO, TROPHY, and Framingham studies 
are of similar magnitude when the analysis is restricted to individuals with stage 2 
prehypertension at baseline.

The ATTICA study showed that increasing age, male sex, low education status, 
and C-reactive protein were positively associated with the development of hyperten-
sion. Also waist circumference was found to be independent predictor [6, 7].

A prospective cohort study of 18,865 non-hypertensive persons [30.4% black, 
69.6% white] aged from 18 till 85 years examined electronic health record data 
from 197 community-based outpatient clinics in the Southeast of the United States. 
Of note the covariable adjusted median conversion time when 50% became hyper-
tensive was 365 days earlier for blacks than whites [31].

Among covariables, baseline systolic BP 130–139 mmHg and 120–129 mmHg, 
as well as age >75 and in the range 55–74 years were the strongest predictors for 
hypertension. Additional predictors included age range 35–54 years, diastolic BP in 
the range 80–89 mmHg, obesity, and diabetes mellitus. The study showed that con-
version from prehypertension to hypertension is accelerated in blacks suggesting 
that effective interventions in prehypertension could reduce racial disparities in 
prevalent hypertension [31].

Low levels of physical fitness have also been independently associated with the 
risk of incident hypertension in men with prehypertension as documented in the 
study conducted at Veterans Affairs Medical Center, Washington DC, USA. The 
findings support an increase in the rate of progression to hypertension with decreased 
exercise capacity [32].

The most pronounced and very similar increase in risk occurred in the two lowest-
fit categories, suggesting an S-shaped association. The health benefits are evident at 
moderate levels of fitness attainable by a brisk walk of 20–40 min most days of the 
week by most middle-age and older individuals. Fitness attenuated the risk for devel-
oping hypertension, regardless of age, BMI, and other traditional risk factors [32].

In another Chinese study it has been demonstrated that older age at baseline, 
Mongolian race, alcohol-drinking, obesity, high salt intake, low level of physical 
activity, and family history of hypertension were found to be associated with inci-
dent hypertension [14].
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7.4	 �Health Burden

7.4.1	 �Prehypertension and Cardiovascular Risk

The results of available meta-analyses confirm previous studies and reports indicat-
ing that individuals with prehypertension free from cardiovascular disease are car-
rying increased relative risk of coronary heart disease, stroke, and total cardiovascular 
disease [33].

Although it is recognized that persons with prehypertension are at higher risk of 
cardiovascular diseases, the risk may be related to the increased risk of developing 
hypertension per se. It also remains unresolved whether the mild elevation of BP 
directly increases the risk of cardiovascular diseases or whether augmented preva-
lence of other concurrent risk factors may be responsible [33, 34].

Based on the available studies prehypertension increases the risk of myocardial 
infarction by 3.5 times and coronary artery disease by 1.7 times. When analyzed 
separately by sex, the risk of myocardial infarction and coronary artery disease was 
augmented 4.2 and 3.4 times, respectively [6].

Of note, the risk is lower in non-hypertensive individuals as compared to those 
with hypertension. Among subjects with prehypertension, the risk of coronary 
artery disease was 2.9 times greater in persons aged 45–64 years and 4.4 times in 
persons 65 years or older when compared with persons younger than 45 years. It 
was also higher in subjects with diabetes mellitus [2.1 times] and individuals with 
hypercholesterolemia [2.5 times] [7].

Among subjects with prehypertension who have at baseline clinical cardiovascu-
lar disease, diabetes or both, annualized incidence of cardiovascular disease in the 
group randomly allocated to placebo averaged approximately 4.3% with an esti-
mated 10-year rate of 43%.

Subject with prehypertension, particularly those in a stage 2 prehypertension, 
were characterized by multiple cardiovascular risk factors contributing to the aug-
mented risk ratios. In most studies, risk was adjusted for common comorbid factors, 
such as age, sex, tobacco smoking, and total cholesterol or other lipid fractions, 
when assessing the risk of prehypertension [6, 7].

7.4.2	 �Population-Based Studies and Selected Populations

In general, available studies indicate that subjects with prehypertension were char-
acterized by annualized absolute excess risk of cardiovascular disease of approx. 
0.39–0.61%, with an average of 0.5% [33].

Of note the studies included in these reports were based on the office BP mea-
surements and also indicate that stage 2 prehypertension was associated with greater 
risk than stage 1 prehypertension [6, 7].

Given the spectrum of risk factors associated with stage 2 prehypertension, this 
group has a higher incidence of CVD. Several cohort studies documented a signifi-
cant contribution of stage 2 prehypertension to CVD risk and the adjusted hazard 
ratios in these studies ranged from approximately 1.4 to 2.3 [6, 7].
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Given an estimated number of 31 million people with stage 2 prehypertension in 
the United States and the absolute excess CVD risk ranging from 0.39 to 0.61% 
annually, this population contributes to between 121,000 and 189,000 excess in 
cardiovascular events annually [6, 7].

On the other hand, the annual incidence of cardiovascular disease among middle-
age individuals with stage 2 prehypertension is 1%, with stage 1 prehypertension is 
0.8%, and with optimal BP is 0.5%. With an estimated 40 million individuals with 
stage 1 prehypertension in the United States and an absolute cardiovascular disease 
risk of 0.8% and an excess of 0.3%, this group would account for approximately 
340,000 total and 140,000 excess cardiovascular events annually [6, 7].

Several cohort studies on prehypertension and cardiovascular disease have pro-
vided the information on the risk of incident cardiovascular disease in this group 
(Table 7.2) [6].

Fareed et al. estimated that the population-attributable risk of prehypertension in 
the United States is 47% for myocardial infarction and 20% for coronary artery 
disease. This implied that there is a potential for reducing the incidence of myocar-
dial infarction by 47% if prehypertension is treated. Russell et al. found that if pre-
hypertension is eliminated, then hospital admissions would be reduced by 3.4%, 
nursing home admissions by 6.5%, and mortality by 9.1% [33].

Vasan et al. previously reported that the 10-year cumulative incidence of CVD 
associated with the high-normal BP [130–139/85–89 mmHg] in the Framingham 
Heart Study was higher among older participants [>65 years] than younger partici-
pants [<65 years]. However the older participants had an elevated incidence of CVD 
even among those with optimal BP [29].

Liszka et al. reported that in the longitudinal, population-based US cohort, pre-
hypertension was associated with increased risk of major cardiovascular events 
independently of other cardiovascular risk factors [35].

The authors concluded that low-range prehypertension was associated with 
increased cardiovascular disease in unadjusted analyses but was not statistically sig-
nificant in adjusted analyses. High-normal blood pressure remained a predictor of 
cardiovascular disease in unadjusted and adjusted analyses. It is relevant to consider 
that the majority of prehypertensive participants had at least one cardiovascular risk 
factor [35].

The risk for incident cardiovascular disease was also evaluated among 8960 
middle-aged adults in the Atherosclerosis Risk in Communities [ARIC] study. The 
outcome was incident cardiovascular disease defined as fatal/nonfatal coronary heart 
disease, cardiac procedure, silent myocardial infarction, or ischemic stroke [2].

The study showed that prehypertension levels of BP were clearly associated with 
significant increase in incident cardiovascular disease. The effect of prehyperten-
sion was particularly pronounced among blacks, individuals with diabetes mellitus, 
elevated BMI, and relatively low LDL cholesterol levels [2].

In the high-normal blood pressure group, the hazard ratio for incident cardiovas-
cular disease compared with optimal blood pressure was 2.49 after adjustment for 
baseline demographic factors and remained significant after adjustment for tradi-
tional risk factors. Both the normal BP and the high-normal BP groups were 
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associated with incident coronary heart disease. The majority of cardiovascular 
events were related to coronary heart disease rather than stroke [2].

The risk for incident cardiovascular disease events was determined in white and 
nonwhite postmenopausal women determined in the Women’s Health Initiative 
[WHI], a large cohort of 60,785 participants that includes significant numbers of 
black, Hispanic, and Asian women [25].

Compared with referent normotensive women adjusted hazard ratios for women 
with prehypertension were 1.58 for cardiovascular death, 1.76 for myocardial 
infarction, and 1.93 for stroke. Hazards ratios for the composite outcome with pre-
hypertension did not differ between ethnic groups, although the numbers of events 
among Hispanic and Asian women were small [25].

For every 1000 women with prehypertension, 7 had a first cardiovascular event 
each year compared to 14 events per year for women with hypertension and 4 events 
per year for normotensive women. Thus, the population-attributable risk for prehy-
pertension was 3 excess cardiovascular events per year per 1000 women, whereas 
8 excess events per year could be attributed for hypertension [25].

The hazard ratios of incident cardiovascular disease associated with prehyper-
tension in individuals with and without diabetes was assessed in the Strong Heart 
Study in which a total of 2629 participants free from hypertension and cardiovas-
cular disease at baseline examination were followed for 12 years to observe the 
incident cardiovascular disease. Approximately 42% of the participant had dia-
betes [24].

The Strong Heart Study findings revealed that in nondiabetic participants, prehy-
pertension increased cardiovascular events 1.8-fold compared with their normoten-
sive counterparts with an absolute increase of 6 cardiovascular events per 1000 
persons [24].

Diabetes alone increased the risk of cardiovascular disease by 2.9-fold compared 
with normotensive nondiabetic participants. Diabetes plus prehypertension 
increased the cardiovascular disease risk 3.7 times (Fig. 7.1), representing an abso-
lute increase of 19 cardiovascular events per 1000 person-years [24].

When the prehypertensive category was stratified into those with BP 120–
129/80–84 mmHg or BP 130–139/85 to 89 mmHg, hazards ratios for those in the 
higher group were greater, but there was a significant risk even in those in the lower 
group [24].

The coexistence of impaired glucose tolerance or impaired fasting glucose and 
prehypertension also increased cardiovascular disease risk significantly when com-
pared with normotensive participants with normal glucose tolerance. The magni-
tude of the increased cardiovascular disease risk related to the coexistence of 
prehypertension, glucose intolerance, and diabetes suggest that pharmacological 
intervention for blood pressure control in these groups may be warranted to prevent 
cardiovascular disease morbidity and mortality [34].

Qureshi et al. evaluated the association of prehypertension with the incidence 
atherothrombotic brain infarction and all strokes during follow-up of cohort of 5181 
persons who participated in the Framingham Study. It has been demonstrated after 
adjusting for age, gender, obesity, diabetes mellitus, cigarette smoking 
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hypercholesterolemia and study period that prehypertension is not associated with 
ischemic or all strokes [34].

An analysis of the nationally representative cohort available in the National 
Health and Nutrition Examination Survey [NHANES] in 1976–1980 merged with 
the NHANES II Mortality Study [NHANES2MS] showed that prehypertension was 
not independently associated with increased all-cause or CVD mortality. Further 
analysis of subgroups of age >55 years yielded the same lack of association [36].

The Jichi Medical School Cohort Study that included large sample of the 
Japanese population showed that the risk of CVD for those with prehypertension 
was 45% greater than those with normal BP [17].

Across the total duration of follow-up the increased CVD hazard risk associated 
with prehypertension tended to be higher in those under the age of 65 years than 
those over 65 years. In the separate analysis of the CVD during the first 5 years and 
second 5 years of the follow-up period, prehypertension was associated with the 
modest, non-significant increase in the overall hazard risk of CVD during the sec-
ond 5-year period, but a widening gap between the nonelderly [<65  years] and 
elderly [>65 years] participants [17].

7.5	 �Results from Meta-Analyses

In the meta-analysis of incident cardiovascular disease in 18 prospective studies, 
estimates of prehypertension prevalence ranged from 25.2 to 46.0%, although sev-
eral reports were not representative [28].

Of the 18 studies 11 were from Asia [3 from China, 6 from Japan, and 2 from 
Iran], 5 were from the United States, and 1 each was from Turkey and Germany. The 
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Fig. 7.1  Cumulative cardiovascular disease incidence during 12 years of follow-up by prehyper-
tension and diabetes status in the Strong Heart Study cohort. Reprinted with permission of Wolters 
Kluwer: Zhang Y., Lee E.T., Devereux R.B. et al.: Prehypertension, diabetes and cardiovascular 
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proportion of Asians was 79.6%. The sample size ranged from 1702 to 158, 666 and 
the follow-up duration ranged from 2.7 years to 31 years [28].

This meta-analysis found, after controlling for multiple cardiovascular risk fac-
tors, significant association between prehypertension and CVD incidence. The 
results were consistent across age, gender, trial characteristics, ethnicity, and fol-
low-up duration.

More importantly, even low-range prehypertension increased the risk of CVD 
compared with optimal BP and the risk was higher with high-range prehyperten-
sion. The relative risk was significantly higher in the high-range prehypertensive 
populations than in the low-range populations. It was evaluated that 15.9% of CVD, 
14.6% of CHD, and 19.6% of stroke cases could be prevented if prehypertension 
was eliminated [37].

Also Guo et al. showed in the meta-analysis of prospective studies that the pre-
hypertensive patients have a greater risk of incident stroke, MI, and CVD events in 
the high prehypertension range.

The meta-analysis of Huang et  al. evaluated data from 1,129,098 participants 
derived from 20 prospective cohort studies. The results showed that after controlling 
for multiple cardiovascular risk factors, prehypertension is significantly associated 
with CVD mortality (Fig. 7.2), mostly driven by high-range prehypertension. The 
risk for stroke mortality was higher than for CHD mortality and it was calculated 
that 10.5% of CVD, 4.8% of CHD, and 14.6% of stroke death could be prevented if 
prehypertension was eliminated [38].

It is interesting that in this analysis prehypertension was not associated with all-
cause mortality even at high-range prehypertension levels. In the subgroups where 
participants with CVD at baseline were excluded and the data were adjusted for 
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Fig. 7.2  Forest plot of CVD mortality comparison: prehypertension vs. optimal BP. Reprinted 
from American Heart Journal; 167; Huang Y., Su L., Cai X. et al.; Association of all-cause and 
cardiovascular mortality with prehypertension: A meta-analysis; 160–168; Copyright (2014), with 
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adequate risk factors, prehypertension was associated with a very slight increase in 
all-cause mortality. The reason for the discrepancy in the association of prehyper-
tension with cardiovascular and all-cause mortality are unclear. Of note, also Guo 
et al. showed in their meta-analysis that prehypertension was not associated with 
all-cause mortality [38, 39].

Lee et al.’s meta-analysis of 12 studies which included total of 518,520 partici-
pants showed that prehypertension was associated with the risk of stroke. However 
among individuals with lower-range prehypertension, stroke risk was not signifi-
cantly increased. In subjects with higher values within the prehypertensive range, 
stroke risk was substantially increased indicating that stroke risk is largely driven by 
the higher values within the prehypertensive range and is particularly relevant in 
non-elderly individuals [40].

Taken together, the population burden of cardiovascular disease associated with 
prehypertension is substantial, whereas the absolute excess risk of prehypertension 
for an individual without previous clinical cardiovascular disease is relatively small.

Taking into consideration the high prevalence of prehypertension, roughly 30% 
of cardiovascular events in the global population are estimated to occur in those 
with prehypertension. Of note cardiovascular events are likely to be attributable to 
elevated blood pressure alone irrespective of other common risk factors.

Consequently, prevention strategies need to be carefully considered to design 
and implement strategies both to reduce population-attributable risk among the 
majority of subjects who are at low-to-moderate risk, and to decrease adverse out-
comes among individuals with prehypertension who are at high risk.
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8Arterial Stiffness in Early Phases 
of Prehypertension

Stéphane Laurent and Pedro Guimarães Cunha

Children, adolescent, and adults with prehypertension have a high risk for develop-
ing hypertension. Modifiable cardiovascular risk factors, such as prediabetes and 
diabetes mellitus, overweight and obesity, high lipid diet, high salt intake, and lack 
of regular physical activity play a crucial role in the transition between prehyperten-
sion and hypertension. Because these cardiovascular risk factors are key determi-
nants of increased arterial stiffness, and because increased arterial stiffness is a 
determinant of incident hypertension, the question arises as to whether arterial stiff-
ness plays a crucial role in the transition between early phases of prehypertension 
and hypertension. In this review, we will analyze the epidemiological and hemody-
namic evidences that increased arterial stiffness is a determinant of incident hyper-
tension. We will also address the complexity of this relationship by discussing the 
hemodynamic and biomechanical pathways involved in the bidirectional influence 
between arterial stiffness and blood pressure. And then, we will discuss (a) the pre-
dictive value of arterial stiffness not only for incident hypertension, but also for 
cardiovascular events, (b) the influence of low-grade inflammation associated with 
chronic diseases in the development of arterial stiffness and subsequently 
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hypertension, (c) how the concept of Early Vascular Ageing can help understanding 
the relationship between arterial stiffness and prehypertension, and (d) the relation-
ships between metabolic syndrome, arterial stiffness, and prehypertension in 
children.

8.1	 �Introduction

Children, adolescent, and adults with prehypertension have a high risk for develop-
ing hypertension [1–3] and cardiovascular disease [4–6]. Modifiable cardiovascular 
(CV) risk factors, such as prediabetes and diabetes mellitus, overweight and obesity, 
high lipid diet, high salt intake, and lack of regular physical activity play a crucial 
role in the transition between prehypertension and hypertension [1, 7]. Because 
these CV risk factors are key determinants of increased arterial stiffness, and 
because increased arterial stiffness is a determinant of incident hypertension, the 
question arises as to whether arterial stiffness plays a crucial role in the transition 
between early phases of prehypertension and hypertension.

In this review, we will analyze the epidemiological and hemodynamic evidences 
that increased arterial stiffness is a determinant of incident hypertension. We will 
also address the complexity of this relationship by discussing the hemodynamic and 
biomechanical pathways involved in the bidirectional influence between arterial 
stiffness and blood pressure. And then, we will discuss (a) the predictive value of 
arterial stiffness not only for incident hypertension, but also for cardiovascular 
events, (b) the influence of low-grade inflammation associated with chronic dis-
eases in the development of arterial stiffness and subsequently hypertension, (c) 
how the concept of Early Vascular Ageing can help understanding the relationship 
between arterial stiffness and prehypertension, and (d) the relationships between 
metabolic syndrome, arterial stiffness, and prehypertension in children.

8.2	 �Arterial Stiffness as a Cause of Incident Hypertension: 
Epidemiological Evidences

From hemodynamic principles, arterial stiffness is believed to underlie, at least in 
part, the age-associated changes in SBP. Recent cross-sectional studies have shown 
a strong association between prehypertension and arterial stiffness. In the Reference 
Values for Arterial Stiffness’ Collaboration study (Reference values 2010), the ref-
erence and normal values of arterial stiffness, measured with cfPWV, have been 
determined in large international cohorts. In this cohort, age and blood pressure 
were the major determinants of arterial stiffness. Interestingly, cfPWV was higher 
in subjects with normal (stage 1 prehypertension) and high-normal (stage 2 prehy-
pertension) BP than in age-matched subjects with optimal BP. Thus, prehyperten-
sion is associated with arterial stiffening at a given age decade. However, 
cross-sectional studies are not sufficient and longitudinal studies are needed to dem-
onstrate the temporal relationship between arterial stiffness and BP.
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Liao and colleagues [8] prospectively examined the relation between arterial 
stiffness and the development of hypertension over 6 years of follow-up in a cohort 
of 6992 normotensive men and women aged 45–64 years at baseline from the bira-
cial, population-based Atherosclerosis Risk in Communities (ARIC) Study. Arterial 
stiffness was measured at the carotid level, from high-resolution B-mode ultrasound 
examination of the left common carotid artery, using adjusted stroke change in arte-
rial diameter (in micrometers, simultaneously adjusted for diastolic BP, pulse pres-
sure, pulse pressure squared, diastolic arterial diameter, and height). The incident 
rates of hypertension from the lowest to the highest quartiles of arterial stiffness 
were 6.7%, 8.0%, 7.3%, and 9.6%, respectively (P < 0.01). One standard deviation 
increase in arterial stiffness was associated with 15% greater risk of hypertension, 
independent of established risk factors for hypertension and the level of baseline BP.

Dernellis and coauthors [9] assessed, in a 4 years longitudinal study, the predic-
tive value of aortic stiffness on future hypertension in non-hypertensive subjects 
with BP < 140/90. Aortic stiffness was determined by echocardiography at a level 
of 3 cm above the aortic valve, at baseline in 2512 subjects. A stepwise increase in 
hypertension incidence occurred across the male and older participants: 3.8% of 
young female individuals, 11.5% of young male, 26.1% of old female, and 58.8% 
of old male subjects progressed to hypertension over 4 years. In multivariate analy-
sis, aortic stiffness remained significantly associated with the progression to future 
hypertension after adjustment to classic risk factors in men and women and in young 
and old populations.

Najjar and colleagues [10] measured carotid-femoral pulse wave velocity 
(cfPWV) at baseline in 449 normotensive or untreated hypertensive volunteers (age 
53 ± 17 years). Repeated measurements of BP were performed during an average 
follow-up of 4.9  years. After adjusting for covariates including age, body mass 
index, and mean BP, linear mixed effects regression models showed that cfPWV 
was a significant and independent determinant of the longitudinal increase in SBP 
(P = 0.003 for the interaction term with time). In a subset of 306 subjects who were 
normotensive at baseline, hypertension developed in 105 (34%) during a median 
follow-up of 4.3 years (range 2–12 years). By stepwise Cox proportional hazards 
models, cfPWV was an independent predictor of incident hypertension (hazard 
ratio 1.10 per 1  m/s increase in cfPWV, 95% confidence interval 1.00–1.30, 
P = 0.03) in individuals with a follow-up duration greater than the median.

More recently, Kaess and coauthors [11] analyzed the longitudinal community-
based Framingham cohort and studied the temporal relationships among BP and 3 
measures of arterial stiffness measured through carotid-femoral pulse wave velocity 
(cfPWV) over a 7-year period. In a multivariable-adjusted regression model, cfPWV 
at baseline (beta, 1.5 [95% CI, 0.5–2.6] mm Hg per 1 SD; P = 0.006) was associated 
with systolic BP during examination 7 years later. In a model that included systolic 
and diastolic BP and additional risk factors during examination at baseline, cfPWV 
was associated with incident hypertension (OR, 1.3 [95% CI, 1.0–1.6] per 1 SD; 
P  =  0.04) 7  years later in 1048 participants without hypertension at baseline. 
Conversely, BP at baseline was not associated with cfPWV 7  years later. Thus, 
although higher aortic stiffness was associated with higher risk of incident 
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hypertension, the reverse was not observed, i.e., initial BP was not independently 
associated with risk of progressive aortic stiffening.

In conclusion, longitudinal studies measuring either carotid stiffness (one study) 
or aortic stiffness (three studies) at baseline and incident hypertension suggest that 
arterial stiffness measurement could help identify normotensive individuals at risk 
of incident hypertension. These subjects should be targeted for the implementation 
of interventions aimed at preventing or delaying the progression of subclinical arte-
rial stiffening, thus preventing or delaying the onset of hypertension. In the follow-
ing paragraph, we will see how a progressive arterial stiffness can lead to the onset 
of hypertension.

8.3	 �Arterial Stiffness as a Cause of Incident Hypertension: 
Hemodynamic Evidences

The wording “arterial stiffness” is a general term that refers to the loss of arterial 
compliance and/or changes in arterial wall elastic properties [12]. Compliance of 
large arteries, including the thoracic aorta that has the major role, represents their 
ability to dampen the pulsatility of ventricular ejection and to transform a pulsatile 
pressure (and flow) at the site of the ascending aorta into a continuous pressure (and 
flow) downstream at the site of arterioles, in order to lower the energy expenditure 
during organ perfusion and protect small arteries of target organs (mainly the brain 
and the kidney) from the damaging effects of pressure pulsatility [13]. When arter-
ies stiffen with aging, they lose their ability to dampen the pulsatility of ventricular 
ejection and small arteries of target organ are damaged.

Another important consequence of arterial stiffening is the increase in systolic 
BP at the central level. Indeed, the arterial pressure waveform is a composite of the 
forward pressure wave created by ventricular contraction and a reflected wave. 
Waves are reflected from the periphery, mainly at branch points or sites of imped-
ance mismatch (i.e., from an elastic to a stiff arterial segment). In elastic vessels, 
because PWV is low, reflected wave tends to arrive back at the aortic root during 
diastole. In the case of stiff arteries, because PWV is high, the reflected wave arrives 
back at the central arteries earlier, adding to the forward wave, and augmenting 
pressure pulsatility (i.e., SBP minus DBP, or pulse pressure—PP) and SBP at the 
central level (i.e., at the level of the thoracic aorta and carotid arteries).

Importantly, an increase in central SBP and PP can occur without any detectable 
changes in peripheral SBP and PP, most often measured at the site of the brachial 
artery. Indeed, as described above, in peripheral arteries, reflection sites are closer 
than in central arteries, and reflected waves travel faster on peripheral arteries than 
on central arteries, which are less stiff in young subjects. This has been described as 
the “amplification phenomenon,” which states that the amplitude of the pressure 
wave is higher in peripheral arteries than in central arteries. Thus, brachial SBP and 
PP overestimates central SBP and PP in young subjects [13, 14].

A cross-sectional relationship between prehypertension and central pulse pres-
sure and/or amplification has been demonstrated recently. In the Reference Values 
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for Arterial Measurements Collaboration study [14], the reference and normal val-
ues of central systolic and pulse pressures, as well as pressure amplification (periph-
eral SBP minus central SBP), have been determined in large international cohorts 
[14]. In this cohort, age, sex, and blood pressure were the major determinants of 
central systolic and pulse pressures. Interestingly, central SBP and PP and pressure 
amplification were higher in subjects with normal (stage 1 prehypertension) and 
high-normal (stage 2 prehypertension) BP than in those with optimal BP [14]. Thus, 
prehypertension is associated with increased central SBP, PP, and pressure amplifi-
cation at a given age decade, and, as described above, the later parameters are the 
consequence of an increase in arterial stiffness.

Complementary evidence to the increased risk of prehypertension associated 
with increased central blood pressure values can be extracted from the Anglo 
Cardiff Collaborative Trial II (ACCT) [15], evaluating central and peripheral 
blood pressure from 10,613 subjects, to show that: (a) subjects with normal and 
high-normal peripheral blood pressure had higher central systolic blood pressure 
than subjects with optimal peripheral BP and (b) 70% of subjects with prehyper-
tension stage 1 and 2 had central systolic pressures values that overlapped with 
the ones measured for subjects with grade I hypertension. Recently, the mechani-
cal properties of the proximal aorta were studied by cardiovascular resonance 
imaging in 2001 participants of the Dallas Heart Study [16]. After adjustment on 
age, mean BP, and a number of clinical characteristics of this multiracial and mul-
tiethnic cohort, individuals with prehypertension had lower proximal aorta disten-
sibility and compliance than those with optimal BP, although aortic arch PWV 
was not significantly different. This evidence is supported by previous findings 
from Redheuil and coworkers [17], showing that reduced aortic strain and disten-
sibility are early manifestations of stiffness and aging in large vessels. Thus, as 
discussed in the previous two paragraphs, aortic stiffness is increased in individu-
als with prehypertension, partly in response to a higher BP and partly indepen-
dently of mean BP.

Increased arterial stiffening in prehypertension can increase pressure pulsatility 
and thus damage the heart, kidney, and brain through increased afterload on the 
heart and increased pulsatility at the site of small brain and kidney arteries. Because 
target organ damage is a major cause of cardiovascular and renal complications, it 
is expected that arterial stiffness has a predictive value for cardiovascular events, 
namely in prehypertensive individuals. Urbina and colleagues [18] and Drukteinis 
and coworkers in the Strong Heart Study [19] both evaluated populations of very 
young subjects (children and young adults) showing, after multivariate analysis, 
that prehypertension was independently associated to target organ damage, namely 
arterial stiffness (measured by different methods), increased left ventricular mass, 
and diastolic dysfunction. Manios and coworkers [20] demonstrated the same in a 
population of 896 adult subjects. Subjects enrolled in the Third National Health and 
Nutrition Examination Survey (without type 2 Diabetes and normotensive) were 
examined according to their blood pressure level. Data show that subjects with pre-
hypertension had higher prevalence of microalbuminuria than those with optimal 
blood pressure [21].
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8.4	 �Hemodynamic and Biomechanical Approach 
of the Arterial Stiffness–BP Relationship

The bidirectional relationship between arterial stiffness and BP is rendered more 
complex by two characteristics of hemodynamics and biomechanics (Table 8.1).

First, an insidious positive feedback loop between local mechanobiological 
responses and global hemodynamics, as suggested by Humphrey and coauthors [25], 
may explain why central artery stiffening is at the same time a cause of hypertension 
and one of its consequences. We have seen above that arterial stiffening in early phases 
of prehypertension may be a major determinant of elevated systolic BP on the long 
term. Indeed, the longitudinal assessment of the temporal relationship between carotid 
[8] and aortic stiffness [10, 11] on the one side and incident hypertension on the other 
side suggests a precursor role of arterial stiffening in future altered systolic hemody-
namic load. However, the reverse occurs when hypertension is installed, even at the 
lower grade of prehypertension. Indeed, arterial stiffening can be a consequence of the 
rise in mean BP. Early work, in the 1950s–1970s, suggested that sustained increases 
in BP stimulate matrix synthesis and thus vascular thickness and structural stiffness 
[26, 27]. In addition, high BP loads the stiff components of the arterial wall and 
changes the spatial organization between smooth muscle cells and extracellular matrix 
[28], and eventually increases arterial stiffness.

Table 8.1  The bidirectional relationship of arterial stiffness and prehypertension

Author/year Study type Participants Result
Arterial stiffness promotes hypertension

1. Liao et al. [8] 
(ARIC Study)

Longitudinal
(6 years 
follow-up)

6992
Normotensives

1 SD increase in arterial stiffness 
increased 15% risk of developing 
HTN

2. Dernellis et al. [9] Longitudinal
(4 years 
follow-up)

2571
Normotensives

Increased arterial stiffness was 
associated with an OR of 1.2 for 
the development of HTN

3. Najjar et al. [10]
(BLSA)

Longitudinal
(4.3 years 
follow-up)

306
Normotensives

OR of developing HTN increase 
1.1 for every 1 m/s increase in 
PWV

4. Peralta et al. [22]
(mesa)

Longitudinal
(4.3 years 
follow-up)

2512
Normotensives

Higher CIMT and lower aortic 
distensibility are independent 
predictors of the development of 
HTN

5. Kaess et al. [11]
(Framingham)

Longitudinal
(7 year 
follow-up)

1408
Normotensives

OR of developing HTN increased 
1.3 per each SD increase in PWV

Prehypertension promotes increase in arterial stiffness
6. Tomyiama et al. [23] Longitudinal

(6 years 
follow-up)

1503
Normotensives

Subjects with persistent preHTN 
had higher annual increase in 
arterial stiffness

7. AlGhatrif et al. [24] 
(BLSA)

Longitudinal
(9 years 
follow-up)

775 subjects 
from general 
population

Prehypertensives had higher 
increase in PWV than 
normotensives

CIMT carotid intima-media thickness, HTN hypertension, preHTN prehypertension, PWV pulse 
wave velocity, SD standard deviation
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A good illustration that prehypertension can promote increased arterial stiffness 
is given by the following two studies. Using brachial-ankle PWV (baPWV) 
Tomiyama and coworkers [23], evaluated longitudinally 1563 healthy subjects, 
dividing them by 3 age classes (29–39, 40–59 and >60 years) and evaluating them 
according to their blood pressure class at the beginning of the study and 6 years 
later; subjects who persistently maintained BP values of prehypertension were the 
ones presenting with the most accelerated rate of increase in arterial stiffness (over 
those who persisted normotensives or who had borderline phenotypes—presenting 
values of either normo or prehypertension in different evaluations), after adjustment 
for several other concurrent risk factors. The Baltimore Longitudinal Study of 
Aging has also contributed to this hypothesis, by showing that in 775 subjects free 
of cardiovascular disease and followed longitudinally for 9.3  years with several 
measurements of PWV, it was possible to see that PWV increases with age, but this 
increase was steeper not only when subjects were hypertensives but also (with a 
smaller effect) whenever their systolic blood pressure was between 120 and 
139 mmHg [24].

Second, arterial stiffening may be paralleled by a remodeling of small resistance 
arteries. Small and large artery alterations are indeed closely interdependent in sus-
tained grade I hypertension, and likely during the early phases of prehypertension. 
A temporal relationship is difficult to establish, and we previously suggested that a 
cross talk, by which small artery alterations influence larger artery phenotype, and 
conversely large artery alterations influence small artery phenotype, is more likely 
than a linear sequence [29]. Both small and large artery damages contribute to the 
rise in central BP, by favoring the generation of wave reflections and their propaga-
tion, respectively. This is exemplified by the fact that, in hypertensive patients, 
media-to-lumen ratio of subcutaneous small resistance arteries and cfPWV are both 
independent determinants of central SBP [30].

The cross talk between the micro- and the macro-circulation [29] promotes a 
vicious circle which can be described by starting at the site of small arteries. An 
increased resistance in small arteries increases mean blood pressure (BP), and 
then increases arterial stiffness in the large elastic arteries, which in parallel 
with more pressure wave reflections increases central systolic BP, variability of 
24 h ambulatory brachial BP, and ultimately damages target organs [29, 31, 32]. 
The increased central BP pulsatility in turn is a factor of small resistance artery 
damage, i.e., increased media-to-lumen ratio of subcutaneous small resistance 
arteries. This has initially been reported in hypertensive animals [33] and then 
in hypertensive patients with brachial PP [34] and more recently with central 
systolic and PPs measured with applanation tonometry [30]. Interestingly, the 
wall-to-lumen ratio of retinal arteries is significantly correlated with 24 h sys-
tolic BP [35], and retinal microcirculation changes can already be found in pre-
hypertensive subjects [36, 37]. Eventually, increased media-to-lumen ratio of 
subcutaneous small resistance arteries, which is associated with reduced lumen 
diameter, represents the largest part of the structural part of increased total 
peripheral resistance, leading to a rise in mean BP, and thus continuing the 
vicious circle.
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8.5	 �Arterial Stiffness, Prehypertension, and Inflammation

The purpose of this section is not to detail the entire amount of evidence correlating 
inflammation as a precursor of both increased blood pressure and subclinical arte-
riosclerosis. It is rather set to pinpoint some key pathophysiologic mechanisms and, 
most importantly, to report on findings of BP and arterial stiffness in subjects with 
inflammation-associated pathologies. It is also a call for attention to all clinicians 
dealing with chronic disease and low-grade inflammation conditions: these are sub-
jects that can have their baseline clinical condition very well controlled with mod-
ern available therapies—they will have considerably low morbidity arising from 
these conditions; on the other hand, they will survive longer and be subjected longer 
to the inflammatory stimulus and therefore be at higher risk for cardiovascular con-
ditions such as high BP and subclinical arteriosclerosis, eventually progressing to 
established CVD. It is therefore of paramount importance to survey these subjects 
more strictly for the development of higher CV risk phenotypes (such as prehyper-
tension and accelerated vascular aging).

A recent review of the molecular and cellular mechanisms involved in the biology 
of vascular aging has emphasized several aberrations that conduce to an acceleration 
of the aging process and increase in BP: aberrant signal transduction, oxidative 
stress, and activation of proinflammatory and pro-fibrotic transcription factors [38]. 
Several studies have been dedicated to establish a causal role of these biological 
mechanisms in the development of increased BP and arterial stiffness or to associate 
inflammatory states with the development of subclinical arteriosclerosis.

Using a randomized sham procedure in 100 healthy individuals, Vlachlopoulos 
and colleagues [39] compared subjects injected with a vaccine for Salmonella typhi 
with those receiving placebo, to find that inflammatory markers increased (hs CRP, 
IL6 and MMP9) in the first group, as did pulse wave velocity.

McEniery and colleagues [15] studied the influence of known polymorphisms of 
the metalloproteinase-9 (MMP9) gene (a protein with an enzymatic function 
degrading elastin and other arterial wall proteins) on arterial stiffness, in 865 healthy 
subjects from a community cohort; MMP-9 is usually released in response to proin-
flammatory states by neutrophils and monocytes or mechanic stress [15, 40]; the 
authors described that PWV was in fact increased in subjects carrying such poly-
morphisms (in the promotor and coding gene of MMP-9) as well as higher levels of 
MMP-9 in serum.

The Amsterdam Growth and Health Longitudinal Study (AGHLS) investigated 
if endothelial dysfunction and/or low-grade inflammation could influence the devel-
opment of arterial stiffness [41], in 293 healthy young adults during a period of 
6 years. It showed that higher levels of serum markers of both endothelial dysfunc-
tion (soluble intercellular adhesion molecule 1 [sICAM-1], soluble vascular cell 
adhesion molecule 1, soluble endothelial selectin, and soluble thrombomodulin) 
and low-grade inflammation (C-reactive protein [CRP], serum amyloid A, interleu-
kin 6, interleukin 8, tumor necrosis factor-α, and sICAM-1) were associated with 
the development of higher measurements of arterial stiffness at the carotid and fem-
oral levels.
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Fifty-three prehypertensive subjects were followed during 3 years by Kim and 
coworkers [42], and compared to matched normotensives concerning the expression 
of inflammatory markers and the progression of arterial stiffness measures; the authors 
report that prehypertensives had higher expression of lysophosphatidylcholines 
(lysoPCs—with a known effect on vasodilation impairment) and higher circulating 
Lp-PLA2 activity, oxidized LDL (ox-LDL), interleukin 6 (IL-6), urinary 8-epi-
PGF2a, and higher brachial-ankle pulse wave velocity (ba-PWV). They postulated 
that a proinflammatory state could, through enhanced oxidative stress, lead to higher 
arteriosclerosis in prehypertensives. The same research team followed 254 prehyper-
tensives for 3.5 years, dividing them in three groups, according to the evolution of BP 
levels they registered (those who remained prehypertensive, those who became nor-
motensive and those who progressed to hypertension) [43], studying changes in oxi-
dative stress, lipoprotein-associated phospholipase A2 activity, and arterial stiffness. 
Their results in the group of persistent prehypertensives suggest that increased oxida-
tive stress could enhance arterial stiffness without increase in blood pressure. 
Tomiyama and coworkers [44] also looked into the chronic influence of inflammation 
in the development of hypertension and arterial stiffness; evaluating 3274 middle-
aged normotensive men during 9  years, they measured annually arterial stiffness, 
hsCRP, and blood pressure, and showed that higher levels of circulating hsCRP were 
associated with higher changes in arterial stiffness measurements, which in turn were 
associated with increases in BP. Similar observations (concerning the influence of 
low-grade inflammation in the development of arterial stiffness) were also found in 
the Malmo Diet and Cancer Study [45], following 2338 subjects for 17 years.

This accumulating evidence can be supplemented with findings of increased 
arterial stiffness and cardiovascular disease in subjects suffering from chronic 
inflammatory diseases.

Ambrosino and colleagues [46] performed meta-analysis and meta-regression 
studies to evaluate the impact of Rheumatoid Arthritis (RA) in several arterial stiff-
ness measures (25 articles, 1472 RA patients); they showed that subjects with this 
condition had higher arterial stiffness, the magnitude of which was influenced by 
the severity of the inflammatory condition; more importantly, this influence can be 
seen from the earlier stages of the disease.

Zanolli and coworkers [47] took into consideration the cardiovascular risk para-
dox evident in patients with inflammatory bowel disease: the feature of malabsorp-
tion conditions a reduction in prevalence of obesity, dyslipidemia, and hypertension, 
but still patients suffer high cardiovascular mortality. They performed a meta-
analysis to determine if these subjects have associated increased arteriosclerosis (9 
studies included, 342 patients with ulcerative colitis, and 234 patients with Crohn’s 
disease). They reported that these patients have higher arterial stiffness than matched 
controls, and a meta-regression performed with data from studies including patients 
treated with anti-TNFα drugs suggested that this later subgroup of patients could 
have lower arterial stiffness [47].

On this later topic (anti-TNFα treatment and reduction of arteriosclerosis) Tam 
and colleagues have conducted a systematic review of published information [48], 
concluding that the existing evidence is leaning to a beneficial effect of these drugs 
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in stopping progression of arteriosclerosis (in these high inflammatory autoimmune 
pathologies) and even in reversing some of the arterial damage documented before 
the initiation of the drug.

Much controversy has been surrounding patients with HIV and their association 
to increased cardiovascular risk, particularly concerning the progression of arterio-
sclerosis. In spite of conflicting results (mainly derived from heterogeneous study 
populations, with different treatment strategies, some of which influence themselves 
the cardiovascular risk of the patient) recent work by Maia Leite and coworkers [49] 
suggests that HIV-infected patients have higher progression rates of arteriosclerosis 
and that among main contributors to this effect is the record of a CD4+ T-cell nadir 
below 200 cells/μL, an expression of previous severe immunosuppression.

A recent meta-analysis and meta-regression of 18 studies including subjects with 
Obstructive Sleep Apnoea Syndrome (OSAS) has studied the impact of this nosol-
ogy in the expression of higher levels of inflammatory markers and arterial stiffness 
[50]; the findings support the increased levels of both inflammatory markers and 
arterial stiffness measurements in these subjects.

A final word within this section is due to the recent review executed by Liu and 
coworkers [51], correlating inflammation, autoimmunity, and hypertension. Short 
of suggesting that hypertension could be an autoimmune disease, the authors did an 
extensive revision of the role of inflammatory cytokines (some of which induced by 
Ang II), and especially dwell on the role of tissue transglutaminase in mechanisms 
promoting hypertension and arterial stiffness through the renin-angiotensin system 
and cross-linking of extracellular matrix proteins promoting vascular remodeling.

8.6	 �Measurement of Arterial Stiffness

Details on the measurement of arterial stiffness are given here, in order to better 
understand the pathophysiological meaning of large artery stiffening, and its con-
sequences on central BP.  Arterial stiffness can be evaluated at the systemic, 
regional, and local levels [12, 31]. In contrast to systemic arterial stiffness, which 
can only be estimated from models of the circulation, regional and local arterial 
stiffness can be measured directly, and noninvasively, at various sites along the 
arterial tree. A major advantage of the regional and local evaluations of arterial 
stiffness is that they are based on direct measurements of parameters strongly 
linked to wall stiffness. Reviews have been published on the methodological 
aspects [12, 31, 52].

The measurement of pulse wave velocity (PWV) is generally accepted as the 
most simple, noninvasive, robust, and reproducible method with which to determine 
arterial stiffness. The measurement of PWV between the common carotid artery and 
the common femoral artery (carotid-femoral PWV) is a direct measurement, and it 
corresponds to the widely accepted propagative model of the arterial system [13, 
31]. Measured along the aortic and aorto-iliac pathway, it is the most clinically rel-
evant, since the aorta and its first branches are what the left ventricle “sees,” and are 
thus responsible for most of the pathophysiological effects of arterial stiffness. 
Carotid-femoral PWV has been used in most epidemiological studies 
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demonstrating the predictive value of aortic stiffness for CV events, namely in 
hypertensive patients [53–55]. By contrast, PWV measured outside the aortic track, 
at the upper (brachial PWV) or lower limb (femoro-tibial PWV), had no predictive 
value in patients with end-stage renal disease (ESRD) [56].

PWV is usually measured using the foot-to-foot velocity method from various 
waveforms. These are usually obtained, transcutaneously at the right common 
carotid artery and the right femoral artery (i.e., “carotid-femoral” PWV—cfPWV), 
and the time delay (Δt, or transit time) measured between the feet of the two wave-
forms [12, 57]. The “foot” of the wave is defined at the end of diastole, when the 
steep rise of the wavefront begins. The transit time is the time of travel of the “foot” 
of the wave over a known distance. A variety of different waveforms can be used 
including pressure [57, 58], distension, and Doppler [59]. The distance (D) covered 
by the waves is usually assimilated to the surface distance between the two record-
ing sites, i.e., the common carotid artery (CCA) and the common femoral artery 
(CFA). The direct distance ΔD is (CFA to CCA). PWV is calculated as PWV = D 
(meters)/Δt (seconds). Magnetic resonance imaging allows determining aortic stiff-
ness according to the same methodology [17].

Other methods have been used in pathophysiological and epidemiological stud-
ies in prehypertensive subjects. They include, at the regional level, either two-sites 
methods such as the aortic arch PWV with magnetic resonance imaging [16], 
brachial-ankle PWV, the heart-ankle PWV, and the finger-toe PWV, or one-site 
methods such as the QKD, the Arteriograph, and the Mobilograph methods [52]. At 
the local level, they include high-resolution echotracking methods and magnetic 
resonance imaging and use the noninvasive determination of arterial distensibility 
as distensibility = AS/cPP, where AS is arterial strain, defined as relative changes in 
area (Amax-Amin/Amin) during the systole, and where cPP is the central pulse 
pressure obtained by tonometry [12, 52].

8.7	 �Predictive Value of Arterial Stiffness 
for Cardiovascular Events

Discussing arterial stiffness in the early phases of prehypertension is important, not 
only because arterial stiffness has predictive value for incident hypertension, but 
also because arterial stiffness is an independent risk factor for CV events. The larg-
est amount of evidence has been given for aortic stiffness measured through 
cfPWV.  This has been initially reported in the late 1990s-early 2000s [53, 54]. 
Currently, a meta-analysis [55] of 19 studies showed the predictive value of aortic 
stiffness for fatal and nonfatal CV events in various populations having different 
levels of CV risk: general population, hypertensive patients, elderly subjects, type 2 
diabetic patients, and patients with end-stage renal disease. In summary, aortic stiff-
ness has demonstrated an independent predictive value for various outcomes (total 
mortality, CV mortality, coronary events, asymptomatic CAD, stroke, functional 
outcome after stroke, onset of dialysis) in various population (general population, 
elderly, hypertensives, diabetics (T2D), CAD, after acute stroke, stroke/TIA, mod-
erate and severe chronic kidney disease—CKD and ESRD, and renal transplant 
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recipients) [31]. Importantly, the predictive value of arterial stiffness for CV events 
is independent of classical CV risk factors, including risk scores such as the 
Framingham Risk Score (FRS) and the European risk score (SCORE). Thus, arte-
rial stiffness is able to predict CV events beyond the traditional risk factors. A meta-
analysis of 18 longitudinal cohort studies [60] has been performed with another 
method of determination of arterial stiffness, the measure of the brachial-ankle 
PWV (baPWV), which significantly predicted the risk of total CV events and all-
cause mortality.

Ben Shlomo et al. [61] undertook a systematic review and obtained individual 
participant data from 16 studies in 17,635 participants, in order to determine the 
study-specific associations of cfPWV with CV outcomes. Using Cox proportional 
hazard models and random and after adjusting for conventional risk factors, they 
showed that cfPWV remained a significant predictor of CV events, namely coronary 
heart disease events. Moreover, a significant interaction with age was observed, i.e., 
the younger the subjects the higher the predictive value for CV events.

These data are consistent with previous findings that we obtained 20 years ago, 
after a biomechanical analysis of the carotid artery wall in normotensives and 
hypertensives [62]. In order to evaluate the elastic properties of the wall material of 
the common carotid artery, we determined Young’s incremental elastic modulus 
(Einc) as a function of BP and circumferential wall stress, in 102 patients with 
never-treated essential hypertension and 40 age- and gender-matched normotensive 
subjects, using high-resolution echotracking and applanation tonometry. A major 
finding was that the “intrinsic” stiffness of the arterial wall material, determined 
through Einc calculated at a common circumferential wall stress, was increased in 
younger HT patients, but not in middle-aged and older HT patients. Thus, in these 
later categories, carotid stiffness was mainly due to the increase in BP, loading the 
stiff components of the arterial wall, whereas in younger subjects arterial stiffness 
was partly due to some abnormalities in the components of the arterial wall material 
and partly due to the high BP. The present findings are consistent with the interac-
tion with age observed in the individual meta-analysis by Ben Shlomo et al. [61]. 
Taken together, they suggest that changes in the complex structure of the arterial 
wall may occur during the early phases of prehypertension, leading to increased 
arterial stiffness and ultimately high central and then peripheral systolic BP, whereas 
adaptive mechanisms occur later, aiming at rendering arterial stiffness only depen-
dent on BP level.

8.8	 �Early Vascular Aging and Prehypertension

The aging of the large artery wall is characterized by a reduction in the elastin con-
tent, as well as an increased content of collagen, associated with changes in cell–
matrix interactions, which altogether increase arterial stiffness [28, 63, 64]. In 
recent years a better understanding of these processes has led to the concept of Early 
Vascular Ageing (EVA) [65–68] in subjects with higher arterial stiffness than 
expected for their age and gender. More generally, EVA indicates a pronounced 
effect of aging on the vascular tree and especially on arterial function. Structurally, 
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EVA can be seen as an inadequate ability for repairing arterial damage in response 
to various mechanical, metabolic, and chemical stresses [65]. The arteries in sub-
jects with such accelerated aging, present biological and cardiovascular risk fea-
tures that would be expected years later, if the aging process would not have been 
accelerated through the interaction of age with different risk factors (traditional and 
non-traditional). Here, we use the concept of Early Vascular Ageing (EVA) to better 
understand the relationship between arterial stiffness and prehypertension.

Vascular aging in general, and EVA more specifically, can be investigated nonin-
vasively through the measurement of a number of parameters, but arterial stiffness 
has been the most often studied, likely because of the robustness of its measure-
ment. Arterial stiffness, which can be considered as an “imaging” biomarker, may 
be more predictive than “circulating” biomarkers, like hs-CRP [69], and show a 
better additional prediction when coupled to classical CV risk scores [70, 71]. 
Particularly, arterial stiffness can be considered as a measure of the cumulative 
influence of CV risk factors with aging on the arterial tree. Indeed, arterial stiffness 
reflects the true arterial wall damage, whereas blood pressure, glycemia, and lipids, 
which are fluctuating along the follow-up of patients, may not. A temporal dissocia-
tion exists between the observed values of classical (i.e., age, blood pressure, total 
cholesterol) and up-to-date (i.e., hs-CRP, BNP, plasma renin) CV risk factors which 
can be considered as “snapshots” [29], and arterial stiffness which integrates the 
long-lasting effects of all identified and non-identified CV risk factors and thus may 
be considered as relevant “imaging” biomarker [72].

EVA may help understanding the relationship between arterial stiffness and hemo-
dynamic changes in the early phase of prehypertension, leading after years of arterial 
remodeling and target organ damage to incident hypertension. Interestingly, the 
Lancet commission on hypertension lead by M. Olsen [73] adopted the EVA concept 
through a life-course preventive and therapeutic strategy aiming at reducing CV risk 
factors, target organ damage, and CV events at various periods of life (childhood, 
young adult, middle-age, advanced age, and elderly). Indeed, a number of modifiable 
CV risk factors are associated with both EVA, i.e., higher arterial stiffness than 
expected for age, and prehypertension. These modifiable CV risk factors include clas-
sical CV risk factors, such as high BP, hyperglycemia, overweight, impaired glucose 
tolerance, metabolic syndrome, type 1 and 2 diabetes, chronic kidney disease, high 
plasma lipid levels, smoking, fat diet, high salt intake, and lack of regular physical 
activity; they include additional CV risk factors, such as chronic low-grade inflamma-
tion, oxidative stress, social deprivation, perceived stress, abnormal sleep pattern, 
thrombogenic factors, prenatal fetal growth, and hormonal status [1, 2, 12].

Cunha et al. [66] applied the EVA concept in a population from northern Portugal, 
an area which registers an especially high prevalence of hypertension and stroke 
incidence by contrast with other southern European people. In this cohort study 
which enrolled 3038 individuals, individuals were classified with EVA if their 
cfPWV was at least 97.5th percentile of z-score for mean PWV values adjusted for 
age, using normal European reference values as comparators (Reference values 
2010). The overall prevalence of EVA was higher than expected in this so-called 
low cardiovascular risk area: 12.5%. Moreover, 26.1% of individuals below 30 years 
presented with EVA and 40.2% of individuals in that same age strata were placed 
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above the 90th percentile of cfPWV. Thus, high prevalence rates of EVA and note-
worthy large artery damage were found in young individuals, a significant percent-
age of whom had prehypertension. Although not all key factors of EVA in this 
population have been determined, one must bear in mind the high prevalence of 
overweight/obesity and adiposity measures, high salt intake, lack of physical activ-
ity, and the epidemiological transitions of the population in the last 40  years 
(Fig. 8.1; [65, 66]).

In fact when developing a logistic regression model for EVA in these subjects, 
one could see (Table 8.2, adapted from [66]) the expected influence of blood pres-
sure; but it is of particular interest to remark that subjects with High-Normal blood 
pressure had an OR of 1.7 of developing accelerated vascular aging, when com-
pared with subjects with optimal blood pressure.

0

In
ac

tiv
ity

Obe
sit

y

Abd
om

ina
l O

be
sit

y

Dys
lip

ide
m

ia

Hyp
er

te
ns

ion

Sm
ok

ing

Diab
et

es

20

40

60

80 60.1

21.3

43.5

75.1

31.6

18.8
9.1P

er
ce

nt
ag

e

Cardiovascular Risk Factors

Fig. 8.1  Prevalence of cardiovascular risk factors in the Guimarães/Vizela Study [66]

Table 8.2  Prehypertensives have an increased risk of presenting EVA—Logistic Regression 
model for Early Vascular Aging (adapted from [66])

B-Coefficient (SE) Odds ratio (95% CI) p value
Age < 30 years 1.173 (0.225) 3.232 (2.078–5.026) <0.001
Age 30–39 years 0.114 (0.228) 1.121 (0.717–1.752) 0.618
Normal BP 0.227 (0.193) 1.255 (0.859–1.834) 0.240
High-normal BP 0.562 (0.220) 1.754 (1.1.40–2.698) 0.011
Grade 1 HT 1.134 (0.260) 3.107 (1.865–5.174) 0.010
Grade 2/3 HT 2.235 (0.630) 9.350 (2.719–32.149) <0.001
HR > 75 bpm 0.510 (0.187) 1.665 (1.154–2.403) 0.006
Diabetes 1.042 (0.444) 2.832 (1.188–6.789) 0.019
Male sex 0.363(0.165) 1.438 (1.041–1.986) 0.028

EVA early vascular aging, HR heart rate, BP blood pressure, HT hypertension, bpm beats per min-
ute, SE standard error, CI confidence interval using age 40–49 years, Optimal BP, and female sex 
as reference class
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8.9	 �Metabolic Syndrome, Arterial Stiffness, 
and Prehypertension in Children

The relationship between arterial stiffness, metabolic syndrome, and BP levels have 
been discussed in several research articles [74–76] and reviews [66, 68, 77]. Data in 
adults have been discussed most of the time. We focus here on children and adoles-
cents, since this is at these young ages that most often the early phases of prehyper-
tension occur, and that preventive measures are the most effective [2, 78, 79].

On another perspective, the concept of early vascular aging and the relationship 
between prehypertension and arterial stiffness are altogether very cohesive with the 
existing evidence that links the prevalence and progression of cardiovascular risk 
factors at young ages with premature manifestations of arteriosclerosis and, there-
fore, earlier excessive cardiovascular risk. The particularly enthusiastic feature of 
this cohesive link is the notion that, at these stages/ages, cardiovascular risk (and 
arteriosclerosis, to some extent) can be reversed, as we will demonstrate below.

Blood Pressure and arterial stiffness. In children, diagnostic criteria for elevated 
BP in general and prehypertension in particular are based on the concept that BP in 
children increases with age and body size, making it impossible to utilize a single-
BP level to define hypertension, as done in adults [78, 79]. Unfortunately, there are 
no European reference values for BP that incorporate age, sex, and height, through-
out the entire pediatric age range. Thus, hypertension definition is based on the 
normal distribution of BP in healthy children. Hypertension in children is defined as 
SBP and/or DBP persistently at least 95th percentile for sex, age, and height mea-
sured on at least three separate occasions [78, 79]. Children with average SBP and/
or DBP at least 90th, but less than 95th are classified as having high-normal 
BP. Thus, it is expected that about 5% of children have stage 2 prehypertension, 
according to US Guidelines.

Falkner [2] recently pointed out that, given current estimates, about 10% of ado-
lescents have hypertension or prehypertension, and reported various child and ado-
lescent exposures playing a role in high BP, such as stress [80], dietary salt intake, 
fructose, lifestyles including food sources (processed and fast foods), sleep patterns, 
and reductions in physical activity. Particularly, vascular injury may be present in 
children and adolescent in the early phase of prehypertension and could be consid-
ered a risk factor for later hypertension in adulthood [2]. Conversely, elevated BP in 
childhood has been associated with increased adult arterial stiffness [81–84]. Thus, 
a vicious feedback loop is exemplified here, through which both arterial stiffness 
and high BP in childhood increase the occurrence of each other in adulthood. The 
early publications of the Bogalusa Heart Study [85] described the tracking phenom-
enon of blood pressure from childhood to adulthood, and showed that children 
above the 80th percentile of BP (i.e., including prehypertensives) were the most 
likely to develop hypertension later on. And then, many other studies have devoted 
to explain the early influence of BP on the development of early damage to the 
medial wall of large arteries. In the Bogalusa Heart Study, Li et al. [84] demon-
strated that SBP in childhood as well as the time of exposure to elevated SBP were 
the main predictors of increased arterial stiffness in adulthood. The Cardiovascular 
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Risk in Young Finns Study has followed 2255 subjects from childhood to adulthood 
(mean follow-up of 21 years), correlating the elevation of several CVRF, including 
childhood blood pressure to development of decreased distensibility and increased 
arterial stiffness in early adulthood [83]. More recently, Chu and coworkers [81] 
have described the influence of several risk factors during childhood on the develop-
ment of arterial stiffness, 26 years later; 4623 children from the Hanzhong province 
have been characterized and followed for this time period, showing that those with 
BP above the 75th percentile (i.e., including children with prehypertension) had 
higher levels of arterial stiffness revealed in adulthood.

Metabolic syndrome and arterial stiffness. Much evidence has been published 
concerning the frequent coexistence of prehypertension and several other cardiovas-
cular risk factors in childhood. Srinivasan and coworkers of the Bogalusa Heart 
Study [86] followed 3255 children until adulthood; analyzing the 721 prehyperten-
sives included, the authors could verify that these subjects, throughout their devel-
opment had significantly higher adiposity measures, blood pressure levels, and 
triglycerides beginning in childhood; higher glucose in adolescence; and higher 
low-density lipoprotein cholesterol, and insulin metabolism abnormalities in adult-
hood. In a collaborative effort, the Cardiovascular Risk in Young Finns Study, the 
Bogalusa Heart Study, and the Childhood Determinants of Adult Health (CDAH) 
Study looked into the influence of childhood dyslipidemia on the development of 
arterial stiffness during adulthood; 1711 children with mean age between 13 and 
15 years at study entrance were followed for 17–21 years; adolescents with dyslip-
idemia and overweight/obese had markedly higher intima-media thickness at 
35 years of age than their counterparts without dyslipidemia, or with dyslipidemia 
but normal—weight [87]. The Bogalusa Heart Study and the Cardiovascular Risk in 
Young Finns Study subsequently evaluated 1781 participants aged 9–18 years at 
baseline with the objective of understanding the influence of childhood Metabolic 
Syndrome (MS) in the development of subclinical atherosclerosis and type 2 
Diabetes Mellitus 14–27 years later; individuals with the MS had 2–3 times higher 
risk of presenting higher cIMT or T2DM, with prehypertension/hypertension fac-
toring in specifically for higher arterial stiffness. Interestingly higher BMI (over-
weight/obesity) at study entrance was a variable as discriminative of the risk of both 
endpoints (cIMT and T2DM) as MS [88], a fact that would be corroborated with 
more clarity in 1617 participants followed during 31 years in the Cardiovascular 
Risk in Young Finns Study [89].

Ferreira et al. [82] examined whether the trajectories, from adolescence to young 
adulthood, of BP, body fatness and fat distribution, blood lipids, cardiorespiratory 
fitness, and heart rate determined levels of arterial stiffness in young adults. They 
investigated 373 apparently healthy adults in whom cardiovascular risk factors were 
repeatedly examined between the ages of 13 and 36 years during the Amsterdam 
Growth and Health Longitudinal study, and measured carotid stiffness 24  years 
later, at the age of 36 years. Compared with individuals with less stiff carotid arter-
ies, those with stiffer carotid arteries at the age of 36 years were characterized from 
ages 13 to 36 years by greater levels of and steeper increases in BP and central fat-
ness, independently of each other and other risk factors. These increases were 
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already present in adolescence, preceded the development of poorer levels of blood 
lipids, cardiorespiratory fitness, and heart rate, which were evident during adult-
hood only, and explained to a great extent the deleterious association between these 
risk factors and carotid stiffness at the age of 36 years.

Finally, at least two large review and collaborative studies have addressed the 
complex relationships of several cardiovascular risk factors in childhood with the 
development of arterial stiffness in adulthood. The Cardiovascular Risk in Young 
Finns Study, the Childhood Determinants of Adult Health Study, the Bogalusa Heart 
Study, and the Muscatine Study for the International Childhood Cardiovascular 
Cohort (i3C) Consortium evaluated the capability of a childhood risk score (defined 
as total cholesterol, triglycerides, BMI, and systolic BP in the highest quintile) to 
predict adult high levels of carotid intima-media thickness (IMT), showing that 
exposure to these risk factors between the ages of 9 and 18 years were significantly 
associated with increased adult carotid IMT [90]. In a large systematic review of 65 
observational studies, Lamotte and colleagues [91] confirmed the association 
between the prevalence of several cardiovascular risk factors (obesity, diabetes mel-
litus, hypertension, dyslipidemia, and chronic renal disease) and the existence of 
subclinical arteriosclerosis (increased carotid IMT) during childhood and adoles-
cence, when compared to healthy controls [91].

Early interventions to reduce prehypertension and arterial stiffness. From all of 
the above described, six particular aspects need to be surveyed and addressed during 
childhood to prevent the early development of prehypertensiom, adverse cardio-
metabolic profiles, and early manifestations of arteriosclerosis: (1) The concept of 
lifetime risk of CVD [92] and the importance of Ideal Cardiovascular Health met-
rics [93]; (2) The importance of prenatal care and early life surveillance (Low birth 
weight and small for gestational age children and the influence of the mismatch 
growth hypothesis on the development of increased blood pressure and early mani-
festations of arterial stiffness—[94, 95]); (3) Reducing measures of adiposity and 
insulin resistance; (4) Promotion of Physical activity; (5) Monitor and reduce Blood 
Pressure; (6) Assume, for each subject, a life course approach to track and control 
cardiovascular risk factors and promote ideal cardiovascular health, remembering 
critical points in the human life-course for the development of large artery dam-
age—the race horse hypothesis, discussed by Ferreira and coworkers [82] remem-
bers the clinician that the rate of change of a given risk factor is also important to 
monitor, as it pinpoints subjects racing faster to increased risk conditions and need 
of interventional measures.

Several key studies have demonstrated that it is possible to obtain a reduction of 
the risk of subclinical arteriosclerosis and cardiometabolic disease in adulthood, 
through early intervention on reducing cardiovascular risk exposure during child-
hood. A brief review of these meaningful results can be seen in Table  8.3 
[96–103].

It is thus of crucial importance to prevent or reduce childhood obesity in 
order to decrease the prevalence of high BP in childhood. Weight control in 
overweight and obese children, along with dietary changes [104] and increases 
in physical activity [105], has benefit on BP levels in childhood, likely through 
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the reduction of the metabolic syndrome. Indeed, Koistoinen and coworkers 
[106] showed, in 945 subjects participating to the Cardiovascular Risk in Young 
Finns study and having their baseline data in 1986 (then aged 9–18 years) and 
adult follow-up in 2007 (then aged 30–39 years), that metabolic syndrome in 

Table 8.3  Reduction of the risk of subclinical arteriosclerosis and cardiometabolic disease in 
adulthood

Author/year Study type Participants Result
1. Aatola 

(2010) [96]
(CVRYFS)

Longitudinal
(27 years 
follow-up)

1691 subjects
(3–18 years old at 
study entrance)

Decreased number of risk factor and 
reversal of obesity status from 
childhood to adulthood are 
associated with lower PWV in 
adulthood

2. Koskinen 
(2010) [97]
(CVRYFS)

Longitudinal
(6 years 
follow-up)

1673 subjects Subjects who recovered from MetS, 
presented lower AStiff and better 
aortic distensibility than those who 
persisted with or had de novo MetS

3. Juonala 
(2011) [98]
(ICCCC)

Longitudinal
(23 years 
follow-up)

6328 subjects
(from the 
CVRYFS, BHS, 
MS and CDAH)

Subjects who reduced adiposity 
status from childhood to adulthood, 
eliminated added risk of T2DM, 
HTN, AStiff, and dyslipidemia in 
adulthood

4. Laitinen 
(2012) [99]
(CVRYFS)

Longitudinal
(21 years 
follow-up)

856 subjects
(15 years at study 
entrance)

Higher number of ideal CV health 
metrics were associated with reduced 
risk of HTN, T2DM, MS, AStiff, and 
dyslipidemia in adulthood

5. Magnussen 
(2012) [100]
(BHS & 
CVRYFS)

Longitudinal
(24.4 years 
follow-up)

1757 subjects
(aged 9–18 at 
study entrance)

Subjects with MetS at childhood that 
was reversed by adulthood, had the 
same risk of developing T2DM and 
Astiff than those who never had 
MetS

6. Oikonen 
(2013) [101]
(ICCCC)

Cross-sectional
(young adults 
from different 
cohorts)

5785 subjects
(from the PFS, 
MCCS, BHS, 
CVRYFS and 
CDAH

The number of ideal CV health 
metrics were inversely associated 
with cIMT

7. Aatola 
(2014) [102]
(CVRYFS)

Longitudinal
(21 years 
follow-up)

1143 subjects During follow-up, for each point 
increase in CV health metrics, a 
reduction of 0.09 m/s in PWV was 
verified

8. Kelly (2015) 
[103]
(CDAH)

Longitudinal
(20 years 
follow-up)

798 subjects
(9 years at study 
entrance)

Subjects with elevated BP in 
childhood who adapted healthy 
lifestyles had a decreased risk of 
developing HTN in adulthood

AStiff arterial stiffness, BHS Bogalusa Heart Study, BP blood pressure, CDAH childhood determi-
nants of adult health, CIMT carotid intima-media thickness, CV cardiovascular, CVRYFS cardio-
vascular risk in Young Finns Study, HTN hypertension, ICCC International Childhood 
Cardiovascular Cohort Consortium, MCCS Minneapolis Childhood Cohort Studies, MetS 
Metabolic Syndrome, MS Muscatine Study, PFS Princeton Follow-up Study, PWV pulse wave 
velocity, T2DM Type 2 Diabetes Mellitus
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childhood predicted increased arterial stiffness in adulthood, and recovery from 
childhood metabolic syndrome was associated with decreased arterial PWV in 
adulthood. In addition, the favorable BP change from childhood to adulthood 
reduces the risk of high adult arterial stiffness, as reported by Aatola et al. [107]
recently. During the Cardiovascular Risk in Young Finns study, these authors 
examined the effect of child and adult BP on PWV assessed in adulthood among 
1540 white adults followed-up for 27  years since baseline (1980, aged 
6–18 years). Individuals with persistently elevated BP and individuals with nor-
mal child but elevated adult BP had increased risk of high adult PWV in com-
parison with individuals with normal (both child and adult) BP.  In contrast, 
individuals with elevated BP in childhood but not in adulthood did not have 
significantly increased risk of high PWV.

The lack of physical activity participates to epidemics of overweight, obesity and 
prehypertension in children and adolescent. An increase in physical activity is of 
crucial importance, not only in children with metabolic syndrome, but also in all 
children. In this regard, the data obtained in 1417 children (aged 9–15 years) and 
999 young adults (aged 18–24 years) from the prospective Cardiovascular Risk in 
Young Finns study, are of great interest [108]. Participants had questionnaire mea-
sures of leisure-time physical activity available from 1986 and ultrasound-derived 
indices of carotid stiffness measured in 2007. Physical activity at age 18–24 years 
was directly associated with carotid stiffness 21 years later in males and females, 
independently of confounding factors. Thus, higher levels of physical activity in 
youth may benefit future cardiovascular health.

�Conclusion
The evidence shown here describes a bidirectional relationship between prehy-
pertension and arterial stiffness, but it also shows that even if they interact to 
generate higher blood pressure levels or higher large artery damage, they are also 
not exclusively dependent on each other to progress and increase the cardiovas-
cular risk of an individual per se—this underlines the importance of measuring 
both, especially in subjects at risk of a faster decline of their vascular health, as 
described in the previous sections of this chapter.

A number of cohort studies and pathophysiological evidences relating arterial 
stiffness to cardiovascular risk factors, inflammation and incident hypertension 
suggest that arterial stiffness measurement could help identify normotensive 
individuals at risk of incident hypertension. These subjects should be targeted for 
the implementation of interventions targeting CV risk factors, with the objective 
of preventing or delaying the progression of subclinical arterial stiffening, thus 
preventing or delaying the onset of hypertension.

In parallel, we have shown evidence of the association of different cardiovas-
cular risk factors in adulthood, with adverse cardiometabolic profiles promoting 
subclinical arteriosclerosis and early vascular aging, leaving a positive message 
concerning the demonstrated possibility of intervening with higher rates of suc-
cess ate these young ages.
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9Central Blood Pressure 
and Prehypertension

Charalambos Vlachopoulos, Dimitrios Terentes-Printzios, 
and Dimitrios Tousoulis

9.1	 �Prehypertension

Measurement of blood pressure (BP) is one of the most important and powerful 
clinical tools in clinical practice. The classical method that was introduced more 
than 100 years ago with the emergence of the brachial cuff sphygmomanometer is 
still in use by physicians [1]. Sphygmomanometry, despite its initial setbacks, 
stormed throughout the medical community. This was boosted by the early exploita-
tion of insurance companies and was founded on the ease of use, the availability 
with the wide variety of devices, the good reproducibility and its predictive role [1].

Once peripheral (brachial) BP were established as the gold-standard method of 
assessing hypertension and optimal BP status, physicians and relevant societies set 
cutoff points to communicate the risks of hypertension to patients. Prehypertension 
was firstly defined in the 2003 Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure Guidelines as a systolic BP of 
120–139 mmHg, diastolic BP of 80–89 mmHg, or both [2]. With a different termi-
nology and range, the European guidelines define high-normal BP as a systolic BP 
between 130 and 139 mmHg [3].

BP is a principal risk factor for morbidity and mortality. This relationship is potent, 
continuous, and has been established in a range of age groups and populations. On the 
other hand, BP is a continuous variable and has a normal distribution. Therefore, defi-
nition of “hypertension” in terms of risk prediction is rather arbitrary [4]. While 
hypertension is prevalent in middle-aged and elderly adults there is an increase in 
prevalence of prehypertension in younger ages in recent years [4]. Overall, 
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prehypertension has an essential deleterious health impact in all ages. Prehypertension 
is associated with a twofold increased risk of cardiovascular events [4]. In addition, 
these prehypertensive subjects are more likely to have hypercholesterolemia, increased 
body-mass index, and/or diabetes compared to individuals with normal blood [5]. 
Apart from the risks for cardiovascular disease that prehypertension conveys by itself, 
it should be stressed that prehypertension is precursor of hypertension [4].

Nonetheless, it should be stressed that the ongoing debate for the ideal target of inter-
ventional studies [6] has cast shadow on the true value of the concept of prehypertension 
since there is a tendency to lower the proposed targets to the prehypertension range. For 
such reasons, in the latest guidelines for Hypertension Management from the American 
Heart Association the concept of prehypertension has been challenged [7].

9.2	 �Central Blood Pressures

Peripheral blood pressure may not always be a reliable surrogate of central blood 
pressure [8]. An indolent dispute between measurements of peripheral (brachial) 
and central (aortic, carotid) has resurfaced after the introduction of techniques and 
devises that can easily and accurately estimate noninvasively the central pressure 
waveform [9]. Analysis of the central waveform can provide clinically useful infor-
mation, beyond blood pressure measured in the brachial artery [9, 10]. This addi-
tional prognostic ability of central pressures stems from the fact that they are more 
pathophysiologically relevant to end-organ damages on the brain, heart, and kid-
neys [9–11].

Pathophysiology: Differences between peripheral and aortic pressures vary and 
are greater at younger ages (Fig. 9.1). In that case, systolic pressure may be up to 
40  mmHg higher in the brachial artery than in the aorta, despite the fact that 
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diastolic and mean arterial pressures are rather constant [12]. Among other factors, 
this is due to the change of the structure of the arterial wall (elastic aorta compared 
to the stiffer muscular brachial artery) and the resultant increase in arterial stiffness 
as the pressure wave moves away from the heart. This in turn results in a rapid 
increase in the systolic pressure, causing an important pulse pressure amplification 
[12]. Pulse pressure amplification has a large both within- and between-subjects 
variability that stems from differences in age, gender, race, heart rate, body size and 
conditions that modify the vascular system and tone (Table 9.1) [13].

Measurement techniques: There are several ways of measurement or estima-
tion of central blood pressure [14]. The most direct classical method is measure-
ment of BP in the ascending aorta using a pressure-sensing catheter during cardiac 
catheterization. As it is apparent this method is not suitable for screening due to its 
invasive nature and need for technical expertise and it is used nowadays only for 
validation of noninvasive devices. In the last two decades numerous noninvasive 
devices have emerged; pressure waveforms are recorded from sites distal to the 
aorta, such as the radial, brachial, or carotid arteries, and calibrated to BP measured 
by cuff sphygmomanometry [9, 14]. Extremely interesting is also the recent devel-
opment of 24  h measurement of central BP [14]. It remains to be investigated 
whether the 24 h values have better predictive ability for future events than single 
measurements of central BPs as already has been shown for 24 h ambulatory periph-
eral BPs compared to single office blood pressures. As one can expect all these 
methods have their pros and cons and should be carefully and rigorously validated 
with a standardized method before entering the market [15].

Prognostic role of central blood pressures: As already mentioned, central pres-
sures are pathophysiologically more relevant than peripheral pressures for the 
pathogenesis of cardiovascular disease and according to accumulating evidence this 
results in an essential prognostic role for both cardiovascular and all-cause mortal-
ity. A considerable number of studies have examined the ability of central pressures 
to predict the risk of future fatal and nonfatal cardiovascular events (myocardial 
infarction, stroke, revascularization, aortic syndromes) and all-cause mortality [10]. 
Although promising, findings were not consistent in all studies. We meta-analyzed 
11 longitudinal studies that estimated central hemodynamics and had followed 5648 
subjects for a mean follow-up of 45 months and showed the independent predictive 
role of central blood pressures and augmentation index to predict future events. 
When three more recent studies than the respective meta-analysis [13] were included 
(total 9093 subjects and mean follow-up 54.9 months) the relative risk (RRs) of 

Table 9.1  Factors determining pressure pulse wave 
amplification

Age
Gender
Body size (height)
Heart rate
Blood pressure
Race
Smoking
Dyslipidemia (men only)
Blood glucose
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total cardiovascular events were 1.115 (95% CI 1.029–1.209) for a 10  mmHg-
increase of central pulse pressure, and 1.303 (95% CI 1.098–1.546) for a 10%-abso-
lute increase of central augmentation index. Furthermore, a 10%-increase of central 
augmentation index was associated with a RR of 1.328 (95% CI 1.167–1.511) for 
all-cause mortality. The important question is whether central pressures have an 
incremental predictive ability over and beyond peripheral pressures. According to 
our meta-analysis, central pulse pressure was found to have a marginally better 
predictive value compared to peripheral pulse pressure (P  =  0.057). Due to the 
strong correlation between central and peripheral pressures, large populations are 
required to provide convincing and meaningful data on the comparison between 
them. This marginal but existent superiority of central blood pressures was sup-
ported by the a recent large individual-data meta-analysis in 22,433 subjects from 
15 studies [16], where although the predictive ability for myocardial infarction was 
similar for central and peripheral systolic BP, there was a statistically significant 
superiority of central pressure compared to peripheral pressure for the prediction of 
stroke, especially in subjects below 61 years. However, it must be acknowledged 
that so far there are no published data of an improved reclassification with the use 
of central BP with the inclusion of peripheral BP in the model.

In addition to hard-end points, central hemodynamic indices have been shown to 
be independently associated with end-organ damage and incident cardiovascular dis-
ease. The late systolic augmentation of the central pressure waveform is associated 
with an increase in left ventricular mass index, and carotid systolic blood pressure is 
an independent predictor of left ventricular wall thickness [17]. Moreover, central 
pressure is also more closely related to other essential surrogate endpoints, such as 
vascular hypertrophy, extent of carotid atherosclerosis than brachial pressure [18]. In 
fact, in a recent meta-analysis, central BP was shown to be slightly, but consistently, 
superior to the peripheral BP in predicting end-organ damage, such as carotid intima-
media thickness, pulse wave velocity, and left ventricular mass index except for albu-
minuria [19]. The close association of central pressures with intermediate 
cardiovascular phenotypes is colorfully illustrated in a recent review (Fig. 9.2) [20].
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Modulation of central blood pressures: Despite similar effects on brachial 
pressure, antihypertensive drugs have differential effects on central pressure and 
this may explain the advantage of arterial vasodilating drugs in survival studies 
(Fig. 9.3) [21]. In particular, the relative efficacy of antihypertensive treatment in 
randomized trials has been principally assessed based on its ability to lower brachial 
BP. However, due to the essential role of wave reflections, it could be assumed that 
some classes of antihypertensive regimens with vasodilatory properties could have 
a greater impact on the reduction of aortic BP that is not apparent in peripheral BP 
measurements [22]. This discrepancy could translate to different effects both on 
target-organ damage and future hard endpoints. In the Conduit Artery Function 
Evaluation (CAFÉ) Study, a substudy of the Anglo-Scandinavian Cardiac Outcomes 
Trial (ASCOT), a higher treatment-related decrease of central pulse pressure (such 
a decrease was not evident in brachial pressure measurements) was independently 
associated with clinical benefit and reduced cardiovascular events [23]. Specifically, 
central systolic pressure was some 4.3  mmHg lower, and aortic pulse pressure 
3.0 mmHg lower in those randomized to the amlodipine–perindopril regimen. Other 
studies have also shown that endpoints related to organ damage can be predicted by 
indices of central hemodynamics after therapy. The pREterax in regression of 
Arterial Stiffness in a contrOlled double-bliNd (REASON) study that compared 
atenolol against a perindopril–indapamide combination showed that normalization 
of brachial systolic BP is achieved with a significantly greater reduction of carotid 

Fig. 9.3  The effects of antihypertensive treatment of wave reflections and aortic stiffness
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systolic BP after a 12-month treatment with the combination [24]. In this study, 
compared with atenolol, the perindopril–indapamide combination was associated 
with a greater fall in left ventricular mass, and this was related to carotid but not 
brachial blood pressure [25]. Furthermore, the reduction in carotid wall diameter 
and hypertrophy with antihypertensive treatment is related to carotid pulse pressure 
but not to mean blood pressure [26]. On the contrary, nebivolol, a beta-blocker with 
vasodilatory action, apparently reduced central BP compared to placebo in a recent 
small, randomized, controlled trial with prehypertensive patients [27]. Furthermore, 
in a randomized study an amlodipine–valsartan combination decreased central (sys-
tolic and pulse) pressure and augmentation index more than an amlodipine–atenolol 
combination, irrespectively of changes in peripheral BP and heart rate [28].

There is a great need to prove the clinical value of central pressures by assigning 
them as the guiding factor of treatment and testing whether this strategy provides 
superior results compared to peripheral BP-guided therapy [11]. In this direction, 
in two recent small studies where central BP in hypertensives [29] and augmenta-
tion index in heart failure [30] were used as therapeutic targets there were modest 
but clinically apparent benefits for the patients. Specifically, in the first case mea-
surement of central pressures led to decrease in the number of antihypertensive 
medications used, as well as to a marginal improvement in reduction of left ven-
tricular mass; in the second case there was a slight improvement in exercise 
capacity.

9.3	 �Prehypertension and Central Pressures

While it has become apparent that prehypertension deserves specific attention, the 
extrapolation of similar cutoffs to central pressures is neither practical nor docu-
mented at this stage. This relates mainly to the variable correspondence between 
values of peripheral and brachial pressures and to the nonsolid substantiation of the 
predictive role of central pressures in prehypertensive subjects. More specifically, 
due to the inherent variability of predictors of pulse pressure amplification, a single 
model cannot accurately predict this amplification by measurements of pressure in 
the brachial level. This was elucidated in a large cohort [31] that demonstrated a 
significant, and highly variable, difference between central and brachial systolic 
pressure at all ages, as well as a substantial overlap in aortic systolic pressure 
between different groups of blood pressure. More than 70% of individuals in the 
“high-normal” brachial systolic pressure had similar central pressures to those with 
stage 1 hypertension, despite no overlap in brachial pressures (Fig. 9.1). Moreover, 
approximately 30% of males, and 10% of females, with “normal” brachial BP had 
similar central pressures to those categorized as having stage 1 hypertension. 
However, an important clinical assistance was provided by the recent publication of 
reference values for central BP that will shed more light in the management of 
hypertension and the stratification of risk [32].

Regarding the second prerequisite, i.e., the predictive role of central blood pres-
sures in prehypertension, this is difficult to substantiate. It should be noted that there 
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are small cross-sectional studies suggesting an early detrimental role of prehyper-
tension on central pressures and markers of arterial function and structure [33–36], 
as well on other surrogate markers of CVD, such as coronary artery calcification 
[37]. However, regarding the predictive ability of central pressures in terms of clini-
cal endpoints, there are no such dedicated prospective studies. Nevertheless, such a 
possible prognostic ability could be extrapolated by relevant studies on the general 
population and also by the close association of central BPs with other vascular bio-
markers that have been shown to be predictive in prehypertensives [11]. Furthermore, 
scarce data imply an incremental role of central BP over and beyond peripheral BP 
for the detection of target-organ damage that is stronger in patients with prehyper-
tension [38, 39].

Research on the importance of central pressures in the context of hyperten-
sion should be encouraged. The notion that BP targets should be individualized 
based on assessment of cardiovascular risk [6] has gained significant ground. 
Central BPs could theoretically be an appealing such tool for individualization 
of treatment [29, 40].

�Conclusions
Assessment of central blood pressures makes its way from the research field to 
the clinical field. There are still answers that remain to be answered concerning 
the incremental predictive ability of central blood pressures over peripheral 
blood pressures, as well as the possible role of the central BP-guided therapy in 
everyday practice. Prehypertensive subjects lack guidance from randomized 
studies and their management is based on data from hypertensive patients or 
from the general population. Therefore, prehypertension could be a breeding 
ground for central pressures in order to improve our understanding, as well as the 
management of this population. Although the predictive ability of central pres-
sures for clinical endpoints in the context of hypertension is not currently sub-
stantiated, medium-sized studies have shown a small advantage of central 
pressures compared to peripheral blood pressures at least as far as intermediate 
endpoints are concerned. Further advancements in central blood pressure tech-
nology and acquisition will lead to more widespread use of the new standardized 
devices for assessment of central blood pressures that will result in lower cost 
and higher availability. The idea of central pressures at one day replacing periph-
eral pressures may sound rude and absurd but is not impossible if certain demands 
are met. As Albert Einstein once said “If at first the idea is not absurd, then there 
is no hope for it.”
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10Diurnal and Pulsatile Hemodynamics 
in Individuals with Prehypertension

Thomas Weber, Siegfried Wassertheurer, 
Bernhard Hametner, Brigitte Kupka, and Kai Mortensen

10.1	 �Introduction: The Concept of Prehypertension and Out-
of-Office Blood Pressure

Prehypertension as a blood pressure (BP) category was introduced in the 7th US 
Joint National Committee (JNC 7) report on prevention, detection, evaluation, and 
treatment of high blood pressure [1]. The decision was based on the continuous 
relationship between BP levels and the risk of cardiovascular events, which starts 
well below 140/90 mmHg (the usual definition of hypertension). In particular, the 
incidence of cardiovascular events in individuals with BP levels in the prehyper-
tensive range (120–139/80–89  mmHg) is in between those with optimal BP 
(<120/80 mmHg) and those with hypertension (>140/90 mmHg) [2]. This catego-
rization is undoubtedly true for population-based studies, and may be useful for 
early detection of individuals at risk for developing hypertension in order to pro-
mote lifestyle changes to reduce this risk. However, a closer look at the JNC 7 
report reveals that the BP classification proposed was based on office BP mea-
surements only. It is well known that out-of-office BP monitoring (24 h ambula-
tory BP monitoring—ABPM and home BP monitoring—HBPM) provides a more 
reliable assessment of an individual’s BP level, as compared to office BP [3]. For 
instance, BP measured at the doctor’s office may be higher than out-of-office BP 
(white-coat effect), which may lead to different BP classifications for office and 
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out-of-office measurements in one single individual (“white-coat hypertension”). 
On the other hand, office BP may be also lower than out-of-office BP, which could 
also lead to problems with classification in single individuals. This effect is called 
“masked hypertension,” if office BP is normal and out-of-office BP is elevated. 
The percentage of individuals with masked hypertension is low with office-based 
optimal BP, but can be substantial in individuals with office-based prehyperten-
sion [4]. As cardiovascular risk is related more closely to out-of-office BP, as 
compared to office BP [3], a closer look at diurnal BP profiles (i.e., out-of-office 
BP) in office-based prehypertension is warranted. In a recent study, 83.8% of 
participants with masked hypertension had prehypertension, and 34.1% of partici-
pants with prehypertension had masked hypertension, suggesting substantial 
overlap between both categories [5].

10.2	 �Pulsatile Hemodynamics: Basic Principles

Due to the nature of the pump in the human circulation (the heart), pressure and flow 
is pulsatile, rather than continuous, in large and small arteries. Up to the last decade 
of the twentieth century, the focus in blood pressure research and treatment was 
mean and diastolic BP, and hemodynamics of the circulation were described as 
“cardiac output = mean BP/peripheral resistance.” This simplistic approach is valid 
only for steady-state conditions, and fails to take the mechanical properties of the 
arteries (“arterial stiffness”) into account. To characterize pulsatile phenomena, 
other measures are needed. The simplest one is pulse pressure (PP), the difference 
between systolic and diastolic BP. PP is a convenient but crude measurement of 
pulsatile hemodynamics. PP increases with age and with stiffening of the aorta and 
the large arteries. PP is more closely related to cardiovascular risk in middle-aged 
and elderly individuals than other blood pressure components [6], and can be used 
to identify patients with heart failure with preserved ejection fraction [7]. Brachial 
pulse pressure  >  60  mmHg is a hallmark of asymptomatic organ damage in the 
elderly, according to the 2013 European Society of Hypertension (ESH)/European 
Society of Cardiology (ESC) guidelines for the management of arterial hyperten-
sion [3]. PP, assessed at the brachial artery, has several limitations: it depends not 
only on arterial (PP increases with increased arterial stiffness) but also on cardiac 
function (PP decreases with severely impaired systolic function), which leads to an 
inverse relationship with outcomes in patients with severely impaired systolic func-
tion [8]; PP measured at the brachial artery does not exactly match PP assessed at 
the ascending aorta (central PP), with brachial PP being higher (“amplified”) than 
aortic PP. The difference or ratio (“pulse pressure amplification—PPA”) [9] between 
central and brachial PP depends among other factors on aortic stiffness, cardiac 
function, heart rate, and arterial geometry.

In general, measurements of pulsatile hemodynamics can be divided into cen-
tral (aortic) pressures (central systolic BP—cSBP, central PP—cPP), estimates of 
wave reflections, and measures of arterial stiffness. CSBP and cPP are lower than 
their brachial counterparts, whereas mean BP and diastolic BP decrease by only 
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1–2 mmHg from the aorta to peripheral arteries. CSBP and cPP are the pressures 
relevant to vital organs like the heart, brain, and kidney, and have been closer 
associated with cardiovascular outcomes in some, but not all, studies [10]. 
Pressure and flow waves are generated with each heartbeat and are propagated 
towards the periphery where they are reflected backwards (towards the heart) for 
various reasons (stiffness gradient, presence of bifurcations, abrupt diameter gra-
dient in arterioles). On their return, the reflected waves merge with the antegrade 
wave and amplify it [11]. With aging, the arrival of reflected waves in the ascend-
ing aorta is shifted into systole due to earlier wave return. With vasoconstriction, 
the amplitude of the reflected pressure waves increases. As a net result of both 
these processes, cardiac load and oxygen consumption is increased, resulting in 
an imbalance towards myocardial ischemia and an impairment of (mainly dia-
stolic) left ventricular function [11]. Wave reflection can be quantified from pres-
sure waveforms (Pulse Waveform Analysis—PWA), or from simultaneous 
analysis of pressure and flow waves (Wave Separation Analysis—WSA)—Fig. 
10.1. With PWA, an inflection point is identified mathematically on the pressure 
waveform, which is thought to represent the beginning of the arrival of reflected 
waves at the ascending aorta. The pressure rise from the inflection point to the 
systolic peak of the pressure curve is called “Pressure Augmentation—AP,” and 
the ratio AP/cPP is called “Augmentation Index—AIx”). Using WSA, the ampli-
tudes of the forward wave (Pf; the pressure wave generated by the heart) and the 
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Fig. 10.1  Quantification of wave reflections. Upper panel: A peripheral pressure waveform (here: 
radial waveform) is obtained. Using a generalized transfer function, the corresponding central 
pressure waveform is calculated. Pulse waveform analysis (PWA) provides the inflection point; the 
part of the curve following the inflection point is ascribed to the effects of wave reflection on cen-
tral pressure and quantified as AP = Augmented Pressure; the ratio AP/PP is called Augmentation 
Index = AIx); Lower panel: Doppler flow curves are obtained at the left ventricular outflow tract 
(using the ARCSolver algorithms, they also can be estimated from pressure waves); they are digi-
tized and aligned with the pressure curves; Right figure: Wave Separation Analysis (WSA) using 
simultaneous analysis of pressure and flow curves yields the amplitudes of the forward (Pf) and the 
backward (= reflected; Pb) pressure waves. Reproduced with slight modifications with permission 
of IOP Publishing from Parragh et al., Non-invasive wave reflection quantification in patients with 
reduced ejection fraction. Physiol Meas 2015;36:179–90
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backward wave (Pb; the reflected wave) can be calculated, as well as their ratio 
(Reflection Magnitude RM; Pb/Pf). Arterial stiffness (particularly aortic stiff-
ness) can be measured in vivo, because the speed of propagation of pulse (pres-
sure or flow or distension) waves in an artery is directly related to the mechanical 
properties of the vessel (the stiffer the vessel, the higher the velocity). Therefore, 
one has to measure the time delay between the arrival of a pulse wave at two loca-
tions (commonly the carotid artery and the femoral artery), and distance between 
both locations, to calculate the pulse wave velocity (PWV) as the most robust 
measure of arterial stiffness. As the effects of the aging process (i.e., loss of elas-
ticity, increased stiffening) are most pronounced in the human aorta as opposed to 
the muscular arteries [12], the aortic pathway should be included in the measure-
ment. In addition, the prognostic value is largely limited to pathways including 
the aorta [13], such as carotid-femoral PWV. Carotid-femoral PWV is a strong 
independent predictor of cardiovascular events in different groups of high- and 
low-risk patients and in the general population [14].

10.3	 �Pulsatile Hemodynamics: Measurement 
in the Ambulatory Setting

Traditionally, central BP and wave reflections have been estimated, using bra-
chial or radial tonometry to acquire waveforms, which were calibrated with 
brachial SBP and DBP, further processed with dedicated algorithms (transfer 
functions) to derive central BP waveforms, and PWA to derive AIx and AP [10]. 
These techniques have been successfully used in clinical trials. Their value for 
ambulatory recordings, however, is limited. Therefore, alternatives have been 
developed, which rely on acquisition of waveforms with a brachial cuff [15, 16] 
or with a wrist-watch-like tonometer [17]. The device we used in our study 
(Mobil-O-Graph, I.E.M., Stolberg, Germany) as well as the algorithms used for 
further processing the brachial waveforms (ARCSolver algorithms [18], AIT 
Austrian Institute of Technology, Vienna, Austria) have been extensively vali-
dated for brachial ABPM [19–21], cSBP [15, 22], and wave reflections [22–24]. 
In addition, the device with the inbuilt ARCSolver algorithms gives an estimate 
of aortic PWV, based on an algorithm which incorporates age, SBP, and wave-
form characteristics. This algorithm has been validated against the gold stan-
dard (invasive aortic PWV) in more than 900 patients [25], and against magnetic 
resonance imaging-based aortic PWV [26]. In office-based recordings, 
ARCSolver-based estimates of central pressures, wave reflections, and aortic 
PWV are associated with hypertensive organ damage [7, 24] and clinical end-
points such as all-cause mortality [27, 28] above and beyond brachial BP. Using 
ABPM-based estimates of pulsatile hemodynamics, 24 h cSBP has a closer rela-
tionship with left ventricular mass and left ventricular hypertrophy [29, 30] and 
to diastolic function [31], as compared to 24 h brachial SBP.  In patients with 
end-stage renal disease undergoing hemodialysis, ambulatory 48 h-based aortic 
PWV was an independent predictor of cardiovascular events and all-cause mor-
tality [32].
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10.4	 �Aim of Our Study and Characteristics  
of Study Participants

For the purpose of the recent analysis, we selected individuals free from antihyper-
tensive treatment out of several ongoing studies on 24 h pulsatile hemodynamics. 
The studies have been approved by regional Ethics committees (D-20-13, EC of 
Upper Austria, Austria; 1991/2013; EC of Medical University Vienna, Austria). Our 
aim was twofold: first, to characterize out-of-office BP, based on ABPM, in patients 
with prehypertension, and to identify patients with masked hypertension among 
those classified as prehypertensive; and second, to describe 24 h pulsatile hemody-
namics in patients with prehypertension and to compare them with normotensives 
and hypertensives.

10.5	 �Results: Classification According to 24 h ABPM

Overall, we included 433 individuals (228 men, 205 women). Mean age was 
50.6 years (SD 15.8), mean body mass index 26.0 kg/m2 (SD 4.6).

Based on the JNC 7 classification and office BP, 38 individuals (8.8%) were clas-
sified as having optimal BP, 137 (31.6%) as prehypertensives, and 258 (59.6%) as 
hypertensives (Table 10.1). Age increased from optimal BP (45.7 years, SD 17.2) to 
prehypertension (49.2 years, SD 17.3) and hypertension (52.2 years, SD 14.5).

When brachial ABPM was taken into account, using a cutoff of 24 h ABPM of 
130 mmHg systolic and 80 mmHg diastolic, classification changed substantially—
Fig. 10.2: among the 38 individuals with optimal BP, 4 had elevated ABPM values, 
and accordingly were classified as masked hypertension. Thirty-four individuals 
with optimal BP had ABPM values in the normal range. Among the 137 participants 
with prehypertension, 28 (20.4%) had elevated ABPM values, and accordingly were 
classified as having masked hypertension. One hundred and nine prehypertensives 
(79.6%) had ABPM values in the normal range. Among the 258 hypertensives, 79 
(30.6%) had normal ABPM values, and accordingly were classified as white-coat 
hypertensives. One hundred and seventy-nine office-based hypertensives (69.4%) 
had also ABPM values in the hypertensive range.

Table 10.1  Classification of study participants

BP classification n Office BP (mmHg) 24 h ABPM (mmHg)
Classification based on office BP
Optimal BP 38 110/71 115/71
Prehypertension 137 126/81 119/75
Hypertension 258 148/96 131/84
Classification based on office BP and ABPM
True optimal BP 34 109/71 113/70
True prehypertension 109 125/80 116/72
Masked hypertension 32 127/82 132/84
White-coat hypertension 79 143/91 120/74
Sustained hypertension 179 151/99 136/88

BP blood pressure, ABPM ambulatory blood pressure monitoring
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10.6	 �Results: Pulsatile Hemodynamics  
in Office-Based BP Categories

24 h pulsatile hemodynamics, according to office-based BP categories, are shown in 
Table 10.2. Results for 24 h central pressures in individuals with prehypertension 
were in between individuals with optimal BP and with hypertension—Fig. 10.3. 
Roughly the same was true for estimates of 24 h wave reflections, although differ-
ences were small and failed to reach statistical significance. 24 h PWV was lowest 
in individuals with optimal BP, intermediate in prehypertensives, and highest in 
hypertensives (p < 0.01).

10.7	 �Results: Pulsatile Hemodynamics in Office-  
and ABPM-Based BP Categories

24 h pulsatile hemodynamics, according to office- and ABPM-based BP categories, 
are shown in Table 10.3. Individuals with masked hypertension have significantly 
higher values for 24  h brachial pressures, 24  h central pressures, 24  h wave 

Office based normotension
true normotension masked hypertension

89.5%

10.5%

79.6%

30.6%

69.4%

20.4%

Office based prehypertension Office based hypertension
true prehypertension masked hypertension sustained hypertension white coat hypertension

Fig. 10.2  Percentage of individuals with a change of blood pressure category after ambulatory 
blood pressure monitoring

Table 10.2  24 h pulsatile hemodynamics, according to office-based BP categories

Optimal BP 
(n = 38)

Prehypertension 
(n = 137)

Hypertension 
(n = 258)

p-valueMean SD Mean SD Mean SD
24 h bSBP (mmHg) 114.8 9.0 119.4 9.9 131.0 12.1 <0.01
24 h MAP (mmHg) 91.0 6.8 95.2 7.9 105.4 9.9 <0.01
24 h bDBP (mmHg) 70.9 6.2 74.6 7.3 83.8 9.6 <0.01
24 h bPP (mmHg) 43.9 6.7 44.8 6.8 47.2 8.6 0.01
24 h HR (bpm) 73.1 8.2 71.3 8.8 74.5 8.1 <0.01
24 h cSBP (mmHg) 117.0 9.8 122.3 11.5 132.1 12.2 <0.01
24 h cPP (mmHg) 44.9 7.6 46.5 9.1 47.0 9.8 0.44
24 h AIx75 (%) 23.2 8.5 22.6 8.8 24.0 8.6 0.29
24 h AP (mmHg) 11.7 5.4 12.3 5.9 12.4 6.0 0.86
24 h AIx (%) 24.3 8.4 24.7 8.9 24.4 8.6 0.96
24 h RM (%) 62.9 6.8 64.0 6.6 63.8 5.7 0.64
24 h Pb (mmHg) 18.2 3.6 19.0 4.2 19.1 4.3 0.46
24 h pf (mmHg) 28.5 4.5 29.4 5.7 29.6 6.1 0.65
24 h aPWV (m/s) 7.3 2.0 7.9 2.0 8.4 1.8 <0.01
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Fig. 10.3  24 h profiles of brachial and central systolic blood pressure, according to office blood 
pressure-based categories

Table 10.3  24 h pulsatile hemodynamics, according to office- and ABPM-based BP categories

True 
optimal BP 
(n = 34)

Masked 
hypertension 
(n = 32)

True 
prehypertension 
(n = 109)

White-coat 
hypertension 
(n = 79)

Sustained 
hypertension 
(n = 179)

p-valueMean SD Mean SD Mean SD Mean SD Mean SD
24 h bSBP 
(mmHg)

113.1 7.5 131.8 7.3 116.2 7.5 120.4 6.6 135.7 11.0 <0.01

24 h MAP 
(mmHg)

89.6 5.5 105.8 4.3 92.3 5.8 95.3 4.7 109.9 8.1 <0.01

24 h bDBP 
(mmHg)

69.6 5.0 83.9 5.0 72.2 5.5 74.0 5.2 88.1 7.7 <0.01

24 h bPP 
(mmHg)

43.5 6.1 48.0 8.8 44.0 6.0 46.3 7.1 47.5 9.2 <0.01

24 h HR 
(bpm)

72.9 8.6 70.1 7.7 71.8 8.9 73.4 7.3 75.0 8.4 <0.01

24 h cSBP 
(mmHg)

115.4 8.7 135.3 10.3 118.9 8.8 122.5 7.3 136.4 11.5 <0.01

24 h cPP 
(mmHg)

44.7 7.3 50.0 12.0 45.5 7.9 47.3 8.7 46.9 10.3 0.26

24 h AIx75 
(%)

22.9 8.7 22.6 9.4 22.8 8.5 23.7 8.6 24.2 8.6 0.63

24 h AP 
(mmHg)

11.6 5.5 13.7 7.2 11.9 5.4 12.5 6.2 12.3 6.0 0.69

24 h AIx (%) 24.0 8.7 25.4 8.8 24.5 8.8 24.6 9.2 24.4 8.4 0.97
24 h RM 62.8 7.0 64.4 5.8 63.8 6.8 65.0 5.9 63.3 5.6 0.23
24 h Pb 
(mmHg)

18.1 3.5 20.5 5.5 18.5 3.7 19.4 4.0 18.9 4.5 0.18

24 h pf 
(mmHg)

28.4 4.2 31.4 7.2 28.8 5.0 29.7 5.3 29.6 6.4 0.28

24 h PWV 
(m/s)

7.2 1.9 8.9 2.2 7.6 1.8 8.5 2.3 8.4 1.5 <0.01

P-values for comparison across all groups are from ANOVA. Individuals with masked hyperten-
sion have significantly higher values for brachial pressures, central pressures, and PWV, as com-
pared to individuals with true prehypertension (all p < 0.05, t-test or Welch test). For abbreviations 
see Table 10.2
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reflections, and 24 h PWV, as compared to individuals with true prehypertension. 
Interestingly, individuals with sustained hypertension have significantly higher val-
ues for 24 h bSBP, DBP, and MAP, as well as for 24 h cSBP, but not for most mea-
sures of wave reflection and PWV. Individuals with masked hypertension had the 
highest values for 24 h bPP, 24 h cPP, 24 h wave reflections (AP, AIx, Pb), and 24 h 
aortic stiffness (PWV)—Fig. 10.4.

10.8	 �Discussion and Conclusions

Our data clearly show the shortcomings of conventional BP classifications, which 
are based only on office BP [1]. The prognosis of individuals and patient groups 
can be easily misclassified, if only office BP is taken into account. In our dataset, 
10% of individuals classified as having optimal BP and 20 percent of individuals 
classified as prehypertensive (both based on office BP), turned out to have actu-
ally masked hypertension, a condition with clearly worse prognosis, as compared 
to true optimal BP [3]. 24 h pulsatile hemodynamics show higher central BP, an 
increase in wave reflections, and a stiffer aorta (a higher aortic PWV) in the sub-
groups of individuals with office-based optimal BP or prehypertension, who were 
finally diagnosed with masked hypertension, as compared to those with true 
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Fig. 10.4  24 h profiles of aortic pulse wave velocity according to office and 24 h ambulatory 
blood pressure-based categories
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optimal BP or true prehypertension. All of these measures of pulsatile hemody-
namics have proven diagnostic value above and beyond brachial BP [7, 10, 13, 24, 
27–32]. Therefore, our findings suggest that office-based prehypertension actu-
ally comprises individuals with high and low cardiovascular risk. Out-of-office 
BP measurements, ideally incorporating pulsatile hemodynamics, are a necessity 
in these individuals.
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11Early Changes in Renal Vasculature 
in Prehypertension
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and Jan Menne

In this chapter the role of the renal vasculature in the pathophysiology of early 
hypertension or prehypertension will be discussed. Renal vasculature is considered 
the renal microcirculation, i.e., renal capillaries. We will mostly concentrate on 
interstitial capillaries and discuss their role in the early changes of the renal intersti-
tium. Figure 11.1 illustrates the underlying mechanisms of this hypothesis. We will 
in brief describe the role of endothelial cells in this regard and then proceed with the 
role of the NO system, reactive oxygen species, and microinflammation for the 
early changes in the renal vasculature. A novel aspect, the importance of the endo-
thelial glycocalyx and its importance for both inflammation and salt sensitivity will 
also be described and integrated in our model.

Prehypertension is considered to be a condition which precedes and is a precur-
sor of hypertension. It is defined by blood pressure with systolic blood pressure 
between 120 and 139 mmHg or a diastolic blood pressure between 80 and 89 mmHg, 
respectively [1]. Prehypertension is a fairly common condition which affects 
roughly 30% of the population in western countries [2, 3]. The concept of a prehy-
pertensive state which slowly develops into “real” hypertension has been further 
supported by intervention trials which have demonstrated that exposure of a prehy-
pertensive population to a blood pressure lowering strategy, i.e., angiotensin-
receptor blockade prevents and/or postpones the development of hypertension. 
Interestingly, even 2 years after treatment with ACE-inhibitors or sartans has been 
stopped, a preventive effect of active treatment is still to be demonstrated [4, 5].

The importance of RAAS in these studies may indicate that the vascular system 
of the kidney is involved in the pathophysiology of prehypertension. It is important 
to note that prehypertension is associated with a significantly increased 
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cardiovascular risk. An important question is therefore which cardiovascular altera-
tions are associated or may lead to the development of prehypertension and then 
progress into hypertension. It is obvious that the several pathophysiological systems 
which are important in the pathophysiology of hypertension could be involved, 
namely the sympathetic and/or the central nervous system, the heart, the kidney or 
changes in the vasculature. In this chapter we will discuss the involvement of the 
renal vasculature in the early stages of hypertension and describe several mecha-
nisms which have been considered to be of importance in the development of pre-
hypertension. We will especially concentrate on the changes of renal vasculature 
and propose a hypothesis whereby endothelial cell dysfunction in prehypertension 
may lead to vascular rarefaction and therefore contributing to the development of 
hypertension in some individuals. Since only few studies exist so far in patients with 
prehypertension we will also discuss animal models and clinical studies in patients 
with early forms of hypertension. As in the case of established hypertension it is 
difficult to define whether the early vascular changes are a result of increased blood 
pressure or whether the vascular changes are responsible for the development of 
prehypertension and/or hypertension. In addition, we will limit our discussion on 
endothelial cells and their functional contribution to the development of hyperten-
sion. We will describe the role of the endothelial cell layer (1) in blood pressure 
regulation and the development of prehypertension and (2) as the structure which is 
most easily damaged by the small increase in blood pressure [6, 7]. Several investi-
gations have been carried out to define the endothelial cell alterations in prehyper-
tension. Early on Taddei and coworkers have observed that the endothelium-dependent 
vasodilation is abnormal in the offspring of patients with essential hypertension [8]. 
Investigations such as these have led to the hypothesis that endothelial dysfunction 
may promote the development of hypertension. Schlaich and his group have shown 
that in individuals with a positive family history of hypertension the metabolism of 
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l-arginine is altered. They could show that the uptake of the essential l-arginine is 
diminished in these individuals implicating this system in the pathogenesis of early 
hypertension [9].

The endothelial cell functions which have been analyzed in the early stages of 
hypertension and/or in prehypertension include the following systems:

–– NO and ROS system with an alteration of l-arginine metabolism
–– Endothelial cell permeability with increased leakage of albumin and other fac-

tors both to the interstitium or in the case of the glomeruli into the urine
–– The alterations in endothelial cell progenitor cells in patients with 

prehypertension
–– Inflammatory mechanisms with release of cytokines and enhanced leukocyte 

adhesion on the endothelial cell surface
–– The role of the endothelial glycocalyx

The imbalance between reactive oxygen species (ROS) and nitric oxide (NO) has 
been named oxidative stress. Oxidative stress indicates a shift and imbalance 
between the ROS and the NO system. Oxidative stress and NO deficiency have both 
been implicated in the pathophysiology of hypertension and prehypertension. The 
NO deficiency can precede the development of hypertension. The imbalance of 
NO-ROS is therefore important for the pathogenesis of high blood pressure [10, 
11]. NO deficiency can be elicited by a decreased activity of the nitric oxide syn-
thase (NOS). Both the expression and the activity of the enzyme have been demon-
strated in prehypertension. As mentioned above, a decreased availability of 
L-arginine can also be the culprit for NO deficiency [12]. Several authors have dem-
onstrated that an inhibitor of the NO system, the asymmetric dimethylargenine 
(ADMA) as an endogenous and NOS inhibitor, plays a role in the pathogenesis of 
oxidative stress and NO deficiency. ADMA can reduce the synthesis of NO and in 
addition induces superoxide reduction by uncoupling NOS [13, 14]. The cellular 
concentration of ADMA therefore regulates the local NO-ROS balance. We have 
shown in several studies that ADMA plays an important role in the development of 
hypertension and can induce high blood pressure in asymptomatic young individu-
als when it is increased [15, 16]. An increase in ADMA has not only an effect on 
vasoconstriction in different vascular beds but leads also to functional alterations in 
the brain, in the heart, and in the kidney [17, 18]. In addition to ADMA, the lack of 
intracellular antioxidants may play a role in the early stages of hypertension. The 
glutathione system (GSH) is impaired in an animal model of hypertension prior to 
the development of hypertension [19]. When these animals are treated with antioxi-
dants such as N-acetylcysteine the development of hypertension can be prevented 
and/or reduced [20]. Another possibility to influence the NO-ROS system is the 
treatment with l-arginine. The supplementation of prehypertensive animals with 
l-citrulline prevents the transition from prehypertension to hypertension in this ani-
mal model [21, 22]. In summary, the balance of oxidative stress and the NO system 
may early on influence the reactivity of the vascular wall and lead to high blood 
pressure [23]. The alterations of the ROS system have been closely associated with 
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alterations of the renin-angiotensin system (RAS). The RAS plays a fundamental 
role in the regulation of blood pressure in kidney development.

Interestingly, Richard Johnson and his group have early on discovered that 
angiotensin II induced damage of the kidney, which by itself does only lead to small 
increases in blood pressure, predisposes the organ to substantial blood pressure rise 
after exposure to sodium [24, 25]. These findings which have been confirmed by 
other groups shed an interesting light on the pathophysiological changes in the kid-
ney in the early stages of hypertension [26, 27]. It has been observed that the angio-
tensin II induced damage leads to endothelial cell injury followed not only by an 
inflammatory response in the kidney but also to loss of capillaries with a rarefaction 
of the microvascular system in the kidney. The less perfused kidney which also may 
show signs of ischemia is extremely sensitive to changes in sodium intake. The fol-
lowing sequence of events is therefore possible: Either via microinflammation or by 
blood pressure induced damage by the endothelium a cascade is initiated which 
leads both to microinflammation and to verification of blood vessels. It is of interest 
that patients with prehypertension have been shown to have reduced nephron num-
ber in the kidneys which predisposes them to increases in blood pressure upon 
exposure to other risk factors [25]. Interestingly, these patients also display an 
increased sensitivity to salt. Recently, a novel hypothesis has been put forward 
which links the endothelial cell dysfunction and increased salt sensitivity.

It is well known that an excessive amount of salt in food affects the vascular 
system, leading to high blood pressure and premature disabilities. Kusche-Vihrog 
and Oberleithner [26, 27] noted that salt entering the vascular bed is transiently 
bound to the negatively charged endothelial glycocalyx, thus protecting the endo-
thelium against salt overload. The glycocalyx is a negatively charged, organized 
mesh of membranous glycoproteins, with core proteoglycans of the syndecan and 
glypican family carrying highly sulfated, linear glycosaminoglycan attachments 
(mostly of the heparan, chondroitin, and dermatan sulfate families). Hyaluronic 
acid and the negatively charged heparan sulfate proteoglycans are its major con-
stituents [28, 29]. This structure of core proteins “decorated” with long glycosami-
noglycans provides a sea-grass like surface where components of functional systems 
such as the coagulation cascade or the complement system can be located and 
plasma constituents may interact intensely and dynamically (Fig. 11.2). Heparan 
sulfates displays high affinities for polycationic molecules. In addition, they also 
provide a significant storage volume which is easily accessible from the fluid phase. 
Oberleithner et al. suggested that plasma sodium is stored in the glycocalyx par-
tially neutralizing the negative surface charges [26, 27]. A “good” glycocalyx has a 
high sodium store capacity but still maintains sufficient surface negativity at normal 
plasma sodium. A “bad” glycocalyx shows the opposite. Thus proteoglycans and 
glycosaminoglycans (i.e., mainly extracellular polyanions) may provide potential 
sinks for sodium and may serve as a means of concentrating cations close to the 
plasma membrane. It was shown that heparan sulfates adsorbed to a surface undergo 
a conformational change when exposed to flow: Their core proteins unfold from a 
random coil to an extended filament and their HS chains elongate significantly. This 
finding was used to illustrate how sodium ions bound to heparan sulfates could not 
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only be stored but be delivered by the stretched glycosaminoglycan to their trans-
porter channels. Such a concept of “storage space” in an intact glycocalyx has 
important implications for the binding of cations to the heparan sulfates of the gly-
cocalyx, thereby regulating the sodium content in a third space. A degraded glyco-
calyx (by cardiovascular risk factors) increases the salt permeability of the vascular 
system resulting in one form of hypertension. In a related study, Pot et al. [30] pre-
sented evidence that the SHR rat has an elevated systemic level of proteases, includ-
ing MMPs, involved in cell membrane receptor cleavage. They showed that RBCs 
from SHR rats are subject to enhanced glycocalyx cleavage compared to the RBCs 
of the normotensive WKY rats. These blood-borne MMPs have access to the glyco-
calyx on cell surfaces, providing a mechanism for the parallel degradation of the 
glycocalyx. Interestingly, in diabetes and in hypertension the glycocalyx is dimin-
ished, further supporting a role of the endothelial cell surface in the early stages of 
hypertension [31].

The second possibly altered function of the endothelium in the prehypertensive 
state is microinflammation. In the renal microcirculation the endothelial cells are 
responsible for release of inflammatory cytokines and adhesion of leukocytes with 
subsequent transmigration of the inflammatory cells into the surrounding tissue 
[32–34]. Several studies have shown that there is a link between elevated markers of 
inflammation and the risk of developing hypertension [35–39]. In recent years a 
wave study has shown and further investigated the links between inflammation, 
hypertension, and organ damage (for review [40, 41]). Early on it has been observed 
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that there is a link between the oxidative stress and microinflammation. Inflammatory 
cells are potent sources of ROS. The interaction between the reactive oxygen spe-
cies and inflammation is complex. Blood pressure elevations can lead to end-organ 
damage by driving the generation of ROS in the vasculature, the kidney, and the 
nervous system. However, other studies have characterized a converse relationship 
where ROS generated within these cardiovascular organs promote activation of cir-
culating immune cells and thereby results in a dangerous positive feedback system 
that exaggerates hypertensive response following an initial endothelial cell injury. 
For the kidney the relationship between inflammation ROS and blood pressure ele-
vation is especially challenging due to the critical role of the kidney in regulating 
sodium excretion and therefore intravascular volume. Inflammatory responses or 
oxidative stress localized in the kidney can therefore be the cause of the result of 
changes in blood pressure. This complicated relationship has not become easier to 
understand by recent findings that sodium by itself can influence the inflammatory 
response.

An increase in circulating levels of tumor necrosis factor alpha (TNF-alpha), 
C-reactive protein (CRP), and leukocytes compared to normotensive controls have 
been observed [38, 39]. Some studies have shown that higher CRP levels or leuko-
cyte counts may predict the onset of hypertension is associated in prehypertension. 
Already in the early stages of hypertension elevated levels of endothelial cell adhe-
sion molecules that facilitate the binding of mononuclear cells in the microcircula-
tion of kidney and the heart have been observed [40]. Also released chemokines 
from the endothelial cells are present in the vasculature of patients in the early 
stages of hypertension. The major question is whether these patients have an 
increased immune response which causes an increase in blood pressure or whether 
the increase in blood pressure induces endothelial cell damage, thereby leading to 
an inflammatory response.

An important structure which mediates the inflammatory change on the surface 
of the endothelium is the glycocalyx. The glycocalyx and its glycosaminoglycans 
play an important role in various aspects of inflammation and in the physiological 
functioning of a range of inflammatory mediators, including chemokines, growth 
factors, endothelial adhesion molecules and inflammatory cell emigration. Studies 
suggest that at least two mechanisms of the glycocalyx, a change in glycosamin 
composition as well as enzymatic disruption of the proteoglycans, may have a 
strong effect on inflammatory responses. A change in glycosamin composition of 
the glycocalyx affects the early inflammatory mechanisms in several ways: van der 
Vlag and his group have demonstrated that an early response of the glycocalyx to 
inflammatory stimuli is a change in the N-deacetylase-N-sulfotransferase-mediated 
composition of the heparan sulfate. They have argued that modulation of heparan 
sulfates in the endothelial glycocalyx significantly reduces or enhances the inflam-
matory response in inflammatory kidney disease [42, 43].

In this brief review we have focused on the microvascular changes in patients 
with prehypertension or in the early stages of hypertension. We have demonstrated 
that the endothelium is of extreme importance in these early stages. These cells 
transmit both the injury and the reaction to other stimuli such as hyperlipidemia and 
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hyperglycemia resulting in microinflammation, an increase in reactive oxygen spe-
cies and decreased NO availability. These early stages may lead to endothelial cell 
dysfunction and to a cascade of events leading to interstitial injury and rarefaction 
of the blood vessels in the kidney rendering the organ more susceptible to further 
damage. In the future it will be important to define which pathophysiology is pres-
ent in individual patients and design better diagnostic tools to analyze the patho-
physiology in our prehypertensive patients. Analysis of the endothelial glycocalyx 
and its early changes are a promising novel field of diagnosis and, possibly, early 
treatment strategies.
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12.1	 �Introduction

Asymptomatic alterations of the cardiovascular system reflect intermediate stages 
in the disease continuum linking risk factors such as high blood pressure (BP), 
hypercholesterolemia, diabetes, obesity, and smoking to cardiovascular fatal and 
nonfatal events. In particular, a variety of manifestations of subclinical target organ 
damage such as left ventricular hypertrophy (LVH), LV systolic/diastolic dysfunc-
tion, abnormalities in small, medium, and large size arteries, and renal impairment 
have been reported to be associated with systemic hypertension [1, 2].

An increasing and consistent body of evidence supports the view that these 
markers of cardiac and extra-cardiac organ damage are powerful predictors of car-
diovascular disease over and beyond BP levels and traditional risk factors [3–6]. As 
for the heart, systemic hypertension adversely affects cardiac structure and function 
by inducing a wide array of morpho-functional changes including myocyte hyper-
trophy and fibrosis resulting in alterations of both LV contractility and relaxation, 
left atrial (LA) enlargement and aortic root (AR) dilatation [7, 8]. Hypertensive 
heart disease, the cardinal marker of subclinical organ damage, is the result of long-
term exposure of LV to pressure overload in combination to a variety of unhealthy 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75310-2_12&domain=pdf
mailto:cesare.cuspidi@unimib.it


160

non-modifiable and modifiable factors, often associated to elevated BP. In fact, the 
magnitude of cardiac morpho-functional alterations secondary to hypertension is 
not only dependent on the severity and time of exposure to BP overload but also to 
several racial, demographic, and clinical variables, such as black ethnicity, age, gen-
der, type 2 diabetes mellitus, metabolic syndrome, obesity, sleep apnea syndrome, 
and renal disease.

Prehypertensive status (i.e., BP ranging from 120 to 139 mmHg systolic and/or 
from 80 to 89 mmHg diastolic in adult subjects not taking any BP lowering drugs) 
has been consistently shown to be associated with increased risk of incident cardio-
vascular disease, this is because the linear and continuous relationship between BP 
levels and cardiovascular events, starting at BP values of 115 and 75 mmHg, has 
been documented by a historical meta-analysis of 61 prospective studies including 
approximately one million people [9].

The findings provided by this meta-analysis indicated that mortality from isch-
emic heart disease and stroke in individuals aged 40–89 years increases in a log-
linear relationship with BP, from levels greater or equal to 115/75 mmHg. More 
recently, subgroup analyses of pooled data from 468,561 participants recruited in 18 
prospective cohort studies showed even for low-range prehypertension, the risk of 
cardiovascular disease was significantly higher than for optimal BP: (RR = 1.46, 
95% CI  =  1.32–1.62), and further increased with high-range prehypertension 
(RR = 1.80, 95% CI = 1.41–2.31) [10].

In view of the fact that the prehypertension has been recognized as a risk factor 
for incident cardiovascular disease, numerous studies, mostly conducted over the 
past decade, have investigated the relationship between subclinical organ damage 
and this BP phenotype.

This chapter reviews the literature providing evidence on the association between 
prehypertension and cardiac abnormalities such as LVH, systolic/diastolic dysfunc-
tion, LA and AR dilatation, as assessed by echocardiography. These findings will be 
discussed in detail in separate subsections.

12.2	 �Left Ventricular Structure

In early phases of systemic hypertension, LVH can be regarded as a response to 
pressure overload aimed at reducing ventricular wall stress. At this stage, LVH is an 
adaptive change facilitating cardiac work primarily via the growth of cardiomyo-
cytes. Two aspects concerning this process need to be considered. First, LVH is 
associated with expression of fetal isoforms of myocardial proteins such as β-myosin 
heavy chain, β-troponin, and skeletal α-actin. Thus, LVH is a likely consequence of 
a re-expression of an early stage of myocardial growth rather than an increased 
synthesis of normal contractile proteins. Second, the long-term pressure overload 
may stimulate pro-collagen gene expression and collagen protein synthesis leading 
to collagen deposition and fibrosis. Myocardial fibrosis, accompanying hyperten-
sive LVH, reflects a very complex process resulting from the imbalance between 
stimulatory and inhibitory factors that control fibrillar collagen turnover [11].
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In the subsequent phases, experimental and clinical studies have proven that per-
sistence/ progression LVH causes several negative effects, such as impaired myocar-
dial relaxation, leading to diastolic dysfunction, LA remodeling, reduced coronary 
reserve, atrial/ventricular arrhythmias, and ultimately systolic dysfunction, the 
patho-physiologic substrate carrying a high risk for overt cardiovascular disease.

The first large population-based study aimed to examine specifically the cardiac 
and systemic hemodynamic status of prehypertension was performed in 1940 ado-
lescent and young adult American Indian participants of the Strong Heart Study 
(age < 40 years), a population in which obesity, diabetes, and hypertension were 
highly prevalent [12]. Compared with the non-hypertensive group, prehypertensive 
participants were more likely to be men (52% vs. 38%), to be obese (65% vs. 53%), 
and to have type 2 diabetes (9% vs. 6%) and impaired fasting glucose (6% vs. 3%), 
respectively. Prehypertensive subjects had, on average, thicker interventricular sep-
tal and LV posterior walls than normotensive participants. Both LV chamber diam-
eter and relative wall thickness were increased in the prehypertensive groups. As a 
result, LV mass indexed for body surface area and height to its allometric power of 
2.7 was higher in the prehypertensive group. Furthermore, the prevalence of LVH 
was twofold higher in prehypertensive participants than in their normotensive coun-
terparts. As for classification of LV geometric patterns, according to Ganau et al. 
[13], eccentric LVH was approximately twofold higher in the cases than in normo-
tensive controls. Of note, in the Strong Heart Study the overall prevalence of con-
centric LVH was rare (0.4), this was also the case for LV concentric remodeling.

Further important data on the association between prehypertension and LV mor-
phology have obtained in a large, biracial community based cohort of elderly men 
and women (mean age  >  70  years) by the Atherosclerosis Risk in Communities 
Study Investigators (14). Participants with prehypertension had greater LV mass 
index (73.6 ± 14.8 g/m2) and LV wall thickness (0.94 ± 0.11 cm) than those with 
optimal BP (69.9 ± 16.4 g/m2 and 0.91 ± 0.12 cm, respectively), but lower than 
those with hypertension. These differences remained statistically significant after 
multivariable analysis adjusted by age, sex, race, heart rate, body mass index, dia-
betes, and estimated glomerular filtration rate. Yet, compared to participants with 
optimal BP, those with prehypertension had a higher prevalence of abnormal LV 
geometry (concentric hypertrophy, eccentric hypertrophy, or concentric remodel-
ing) of borderline statistical significance (adjusted P value = 0.05).

Other information comes from studies that have included individuals with a 
wider range of age and therefore more representative of the impact of prehyperten-
sion on cardiac damage in the general population than those restricted to young or 
elderly population-based samples. Among 10,547 subjects (1651 normotensive, 
3616 prehypertensive, and 5280 hypertensive participants) examined in a cross-
sectional survey in a northeast rural Chinese area, a gradual and significant increase 
in absolute LV mass and LV mass index (regardless the type of indexation for body 
size) was found across the three BP categories [15]. The prevalence LVH resulted to 
be statistically different among three groups (P < 0.001), being the rates of LVH 
5.9%, 8.6%, 28.4% by indexing LV mass to height2.7 and 4.9%, 5.3%, 19.3% by 
indexing LV mass to BSA, respectively. Finally, the prevalence rates of abnormal 
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LV geometric patterns such as eccentric hypertrophy, concentric remodeling, and 
concentric hypertrophy were 7.3%, 5.3%, and 1.4% in prehypertensive, and 5.1%, 
6.4%, and 0.8% in normotensive participants.

The Kangbuk Samsung Cohort Study, which included a very large sample of 
Korean men and women (55,211, mean age 40 years) undergoing a thorough medical 
health check-up program, reported a clear dose–response relationship between unfa-
vorable LV structural changes and five BP categories: i.e., normotensive (n = 35,086), 
prehypertensive (n = 9.283), controlled hypertensive (n = 4795), newly recognized 
hypertensive (n = 1818), and uncontrolled hypertensive groups (n = 1129) [16]. The 
proportion of LVH was 0.9% in the normotensive group, 1.6% in the prehypertensive 
group, 4.9% in controlled hypertensives, 3.4% in newly recognized hypertensives, 
and 8.1% in uncontrolled hypertensives. The rates of increased relative wall thick-
ness and LV geometry changes also showed similar trends.

Although prehypertension is not a static condition because it can often progress 
over time to hypertension or less frequently shift to normotension, the clinical sig-
nificance of such temporal variations to date has been poorly investigated by pro-
spective studies. The Investigators of the MONICA/KORA Augsburg study 
evaluated whether changes in LV geometry and function that occur with 10 years of 
ageing differ between individuals who remain normotensive and those who have 
persistent prehypertension over that period (17). In cross-sectional comparisons of 
the baseline study, LV mass indexed to height2.7 was slightly higher in the prehyper-
tensive group; this was not the case for other echocardiographic parameters such as 
LV wall thickness, relative wall thickness, LV end-diastolic diameter, and LV mass. 
At the follow-up examination, the persistent prehypertensive group had signifi-
cantly higher adjusted mean values for absolute as well as for relative wall thick-
ness, LV mass and LV mass indexed to height2.7 as compared with the persistent 
normotensive group. These findings support the view that long-standing prehyper-
tension appears to be associated with a significantly increased occurrence of LV 
structural changes.

Emerging evidence indicates that masked hypertension is a BP phenotype asso-
ciated with increased cardiovascular risk as compared to true normotension. The 
term masked hypertension, coined for the first time in the early 2000s by Pickering 
et al. [18], is currently used to define a subgroup hypertensive subjects with normal 
office and elevated out-of-office BP. Observational studies focusing on demographic 
and clinical characteristics of masked hypertension reported that prehypertension is 
a key variable differentiating masked hypertensive individuals from normotensive 
ones. The Masked Hypertension Study, a worksite-based population, showed that 
prevalence of masked hypertension was approximately tenfold greater in prehyper-
tensive participants (34.1%) than in those with optimal clinic BP (3.9%) [19]. As for 
subclinical cardiac damage, compared with subjects with optimal clinic BP, LV 
mass index was significantly greater in prehypertensive group with masked hyper-
tension, after adjusting for several confounders.

On the whole, consistent findings support the view that even small elevations in 
BP, as seen with prehypertension, can have detrimental effects on LV structure and 
geometry across different age ranges and ethnicities [20–22] (Tables 12.1 and 12.2).
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12.3	 �Left Ventricular Function

As already mentioned the left ventricular systolic function tends to deteriorate only 
in advanced stages of the natural history of hypertension. Accordingly, the results 
concerning conventional and prognostically validated echocardiographic indices of 
LV systolic function (such as ejection fraction or fractional shortening) obtained in 
many studies conducted in subjects with hypertension showed no significant 
changes compared to their counterparts with optimal BP.

However, the development of new imaging modalities and especially the intro-
duction of speckle tracking imaging and strain in clinical research enabled a detailed 
analysis of cardiac mechanics and detection of subtle subclinical myocardial dam-
age that previously had not been recognized. Only a few studies based on two-
dimensional and three-dimensional speckle tracking imaging have addressed this 
topic in prehypertensive subjects [23, 24].

Our group assessed the presence of subclinical LV myocardial dysfunction in 
subjects with optimal (n  =  49), high-normal BP (n  =  50) and untreated arterial 
hypertension (n  =  50), using three-dimensional echocardiography strain analysis 
[24]. Three-dimensional global longitudinal strain was significantly lower in the 
high-normal BP group and the hypertensive patients, in comparison with the opti-
mal BP group. Similar results were obtained for three-dimensional global circum-
ferential strain as well for three-dimensional global radial strain, and global area 
strain.

Therefore, in this section will report in detail data concerning exclusively LV 
diastolic function, as assessed by conventional Doppler analysis and tissue Doppler 
imaging.

Echocardiography is the reference method for diagnosing heart failure with pre-
served ejection fraction and identifying early diastolic alterations in asymptomatic 
patients at high cardiovascular risk [25].

A large amount of evidence highlights that the assessment of diastolic function 
by using conventional Doppler and tissue Doppler imaging may provide relevant 
predictive information about cardiovascular morbidity and mortality independently 
from LV mass, LV geometry, and traditional risk factors.

Alterations of diastolic properties in the hypertensive heart may be related to a 
complex interplay of factors including increased BP itself, structural LV changes 
(i.e., increased collagen matrix, disorganization of collagen fibers, abnormal colla-
gen type I/III ratio), and coronary microcirculation impairment [26]. The associa-
tion between LVH (and particularly of concentric type) and diastolic dysfunction 
has been largely reported either in population-based studies as in hypertensive 
cohorts [27].

The estimation of LV diastolic dysfunction rates in the hypertensive setting is 
a difficult task due to differences in demographic/clinical characteristics of the 
subjects examined as well as in diagnostic criteria. Prevalence rates of diastolic 
dysfunction reported in recent literature indicate that at least one-quarter of 
asymptomatic hypertensive subjects older than 50  years can have LV diastolic 
dysfunction [28].
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In the prehypertensive setting early LV diastolic alterations have been described 
cohorts with different demographic and clinical characteristics. In the Strong Heart 
study, the percentage of young participants with prolonged isovolumic relaxation 
time was greater in the hypertensive and prehypertensive groups, which also exhib-
ited higher peak mitral late velocity (A) and atrial filling fractions than reference 
group with optimal BP [14]. Hypertensive and prehypertensive participants had sig-
nificantly lower mean mitral early diastolic peak flow velocity (E), early to late 
diastolic peak flow velocity E/A ratios, suggesting slightly impaired LV relaxation 
counterbalanced by a greater atrial contribution to LV ventricular filling. Similar 
results have been shown by Urbina et al. [29] in 479 adolescents and young adults 
in which diastolic function was more completely assessed by both conventional 
Doppler and tissue Doppler indices. A graded decrease in diastolic function was 
observed from normotensive, to prehypertensive and to hypertensive subjects.

In keeping with the findings of the aforementioned studies, an independent asso-
ciation between diastolic dysfunction and prehypertension was described by Jang 
et al. [30] in a large sample of apparently healthy Korean adults aged 40–64 years 
who underwent routine health examinations.

The proportion of diastolic dysfunction grade 1 or 2 (as defined according to 
according to the guidelines of the American Society of Echocardiography) was sig-
nificantly higher in prehypertensive (31.0%) and hypertensive (38.0%) groups com-
pared to the normotensive group (19.1%). Diastolic dysfunction was more frequently 
found in men than in women and showed a continuous and positive relationship 
with office BP and body mass index.

In the biracial cohort of elderly men and women examined in the ARIC study, 
diastolic parameters such as E/A ratio, early (Ei) diastolic annular peak velocity, 
and the ratio of trans-mitral flow velocity to annular velocity (E/Ei) were impaired 
in participants with prehypertension which therefore had higher prevalence of mild 
and moderate-severe diastolic dysfunction compared to those with optimal BP [14]. 
Of note, these differences in LV diastolic function remained significant after adjust-
ing for important clinical covariates.

12.4	 �Left Atrium

LA enlargement is currently regarded as a reliable biomarker of LV pressure and 
volume overload [31]. Consequently, LA size is increased in several cardiac disor-
ders such as mitral, aortic valve disease, myocardial diseases as well as arterial 
hypertension. In hypertensive heart disease, LA dilatation is an indicator of chroni-
cally elevated LV filling pressure and diastolic dysfunction even in the absence of 
mitral diseases.

A direct correlation between LA size and the circulating levels of brain natri-
uretic peptide has been reported in patients with chronic heart failure and preserved 
systolic function as well as in hypertensive patients with LVH and diastolic dys-
function. Although the increase in LA chamber may be a compensatory mechanism 
counterbalancing early alterations in LV relaxation and filling and the worsening of 
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LV diastolic performance in the hypertrophied ventricle, LA enlargement can 
develop well before the onset of a frank LVH.

Some authors have shown that in recently diagnosed essential hypertensive 
patients without LVH, LA size is directly associated with BP, LV mass index, and 
brain natriuretic peptide [32].

In general, population-based samples and in hypertensive cohorts LA diameter 
has been identified as an independent correlate of incident atrial fibrillation and 
stroke [33, 34]. In addition, a significant association has been reported between LA 
size and incident CV death or congestive heart failure, after adjusting for major 
confounders. In the Pressioni Monitorate e Loro Associazioni (PAMELA) study the 
incidence of new-onset LAE increased significantly from the lowest to the highest 
tertile of baseline office, home and 24 h BP, body mass index, fasting blood glucose, 
and LV mass index. In multivariate analysis baseline LA diameter, female gender 
office systolic BP, body mass index, LV mass index emerged as key predictors of 
new-onset LA enlargement [35].

Data focusing on the involvement of the LA in prehypertension are really more 
scant than those addressing the structure and function of the LV. Another limitation 
that deserves mention refers to different echocardiographic parameters used by vari-
ous authors to estimate LA size such as anteroposterior diameter, atrial area, non-
indexed or indexed for body surface area atrial volume. This heterogeneity of atrial 
parameters makes it difficult to compare the results of available studies. 
Prehypertensive subjects enrolled in The Korean Genome Epidemiology Study dis-
played a significantly higher LA volume (45.3 ± 10.3 mL) than their normotensive 
counterparts (42.6 ± 10.5 mL), the difference between the two groups persisted to 
be significant after adjustment for age, gender, body mass index, heart rate, physical 
activity, smoking, alcohol consumption, fasting glucose, and total cholesterol [36]. 
A gradual increase in LA size from normotension to hypertension was recently 
demonstrated by Jung et al. in a general Korean population [16]. Prehypertensive 
subjects had intermediate LA diameter values (35.4 ± 4.3 mm) between normoten-
sive (33.0 ± 4.3 mm) and hypertensive participants (36.7 ± 4.2 mm).

It is worth of note, however, that other population-based studies failed to demon-
strate a more pronounced LA involvement in prehypertension. The largest of these 
negative reports was the ARIC study [14]. In that elderly population LA volume 
indexed to body surface area was slightly but not significantly higher in the prehy-
pertensive group (24.0 ± 7.4 mL/m2) than in those belonging to optimal BP category 
(23.2 ± 7.4). In line with the aforementioned findings Jang et al. (30) did not find 
difference in LA volume index between normotensive (26.5 ± 6.5 mL/m2) and pre-
hypertensive subjects (26.6 ± 6.6 mL/m2).

12.5	 �Aortic Root

Growing evidence from studies conducted in the general population and in hyper-
tensive cohorts indicates that AR dilatation may be regarded as a sign of subclinical 
cardiac organ damage paralleling other markers of established prognostic value 
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such as LVH, LV diastolic dysfunction, and LA dilatation [37]. Indeed, AR dilata-
tion, affecting the most proximal portion of the systemic arterial tree, has been 
shown to occur more frequently in hypertensive than in normotensives individuals 
as well as in patients with LVH than in those with normal LV mass [38]. In the 
PAMELA population office and out-of-office systolic BP and diastolic BP have 
been shown to have a direct, significant correlation with absolute and indexed AR 
diameter in univariate analyses; this kind of association persisted significant in mul-
tivariate analyses [39]. More importantly, emerging findings, including those 
recently provided by our group, support the concept that AR dilatation is an inde-
pendent predictor of cardiovascular morbidity and mortality [39, 40]. Of note, the 
association between LVH and AR dilatation in the participants of the PAMELA 
study resulted to be a stronger predictor of long-term cardiovascular outcomes than 
that entailed by LVH alone.

Literature data addressing the impact of prehypertension on aortic diameter are 
extremely limited and to the best of our current knowledge no study analyzed spe-
cifically this issue. Nevertheless, a couple of studies provided data on AR diameter, 
as part of the standard echocardiographic examination.

A gender-based analysis focusing on cardiac changes related to prehypertensive 
status carried out in a relatively small group of apparently healthy Indian subjects 
(n = 99; age range 25–65 years) showed that AR diameter was similar in normotensive 
and prehypertensive subjects of both sexes [41]. On the contrary, Li et al. [15] assess-
ing echocardiographic variables in large Chinese population-based sample, compris-
ing a total of 10,457 participants, found that AR increased progressively from 
normotensive (2.16 ± 0.25 cm), to prehypertensive (2.22 ± 0.31 cm) and to hyperten-
sive group (2.28 ± 0.27 cm). From this it is clear that further studies are needed to 
assess the association between prehypertension and the risk of AR dilatation.

�Conclusions

The relevance of systemic hypertension in the pathogenesis of LVH and other 
markers of subclinical cardiac damage is well established, and a large body of 
clinical studies has shown strong associations between LV mass and BP in a 
wide range of values ranging from mild to severe hypertension [42–44]. The 
present review highlights that cardiac organ damage can occur even in the pres-
ence of BP yet within the limits deemed clinically normal. It is worth noting that 
more robust data on the association between prehypertension and cardiac changes 
concern subtle but clinically significant increase in LV mass and impairment of 
diastolic function, whereas less information is available on LA and AR altera-
tions accompanying this BP phenotype. Finally, LV systolic function, as assessed 
by conventional echocardiographic indexes (i.e., LV ejection fraction) seems to 
be well preserved in prehypertension, although this conclusion has been recently 
challenged by the results of studies showing that LV mechanics assessed by 
three-dimensional echocardiography is significantly impaired in the subjects 
with high-normal BP. The increased risk of cardiac organ damage in prehyper-
tension is probably related to BP load, due to the continuous relationship between 
BP and LV mass. However, other factors seem to play a role in this complex 
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relationship. As compared to subjects with optimal BP, higher prevalence rates of 
masked hypertension, obesity, metabolic syndrome, unhealthy habits such as 
smoking, drinking, low physical activity have been described in prehypertensive 
subjects [45]. As widely documented, most of the cited factors may exert an 
unfavorable effect on cardiac structure and function.

In conclusion, the increased weight of evidence about the clinical and prog-
nostic significance of prehypertension (and this review underlines that subtle 
cardiac changes can occur before the onset of hypertension) emphasizes the need 
to intensify current preventive actions by extending them to subjects with 
prehypertension.
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13Hemodynamics of Prehypertension

Peter W. de Leeuw, Barry van Varik, Daan J. L. van Twist, 
and Abraham A. Kroon

13.1	 �Introduction

Despite decades of intensive research, the etiology of essential hypertension remains 
unknown. Once this disorder has reached its established phase, it is characterized 
hemodynamically by an elevated peripheral vascular resistance and a normal or 
slightly reduced cardiac output [1]. In addition, vascular stiffness is increased which 
over time will result in a further rise in systolic pressure and vascular resistance. 
This creates a vicious cycle with, if left untreated, an ever-increasing blood pres-
sure. Other pathophysiological features that characterize the phase of established 
hypertension are reduced renal blood flow, increased filtration fraction, and a ten-
dency towards a lower plasma volume. Both the sympathetic nervous system (SNS) 
and the renin-angiotensin-aldosterone system (RAAS) have been implicated in 
these abnormalities but their precise role in the initiation and development of the 
hypertensive process has still not been fully clarified.

The elucidation of the pathogenetic processes leading to established hyperten-
sion requires that the factors responsible for the initiation of the disease be known. 
The ideal way of investigating these factors would be to follow-up normotensive 
individuals up to the point where they become hypertensive. For obvious reasons, 
such studies are not feasible, not the least because one would not know who will 
become hypertensive and who not. In fact, many if not most of them may never 
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develop hypertension at all. Alternatively, one could study the offspring of 
hypertensive patients and compare this offspring to that of normotensive parents. In 
doing so, one enriches the population with people who are likely to develop hyper-
tension at some point in their life. This type of approach has been repeatedly applied, 
but again it is uncertain whether children from hypertensive parents will, indeed, 
ever become hypertensive. In addition, one runs the risk of mixing up true genetic 
influences with familial ones such as environment and diet.

Finally, one could attempt to investigate individuals who are already somewhere 
on their way from the normotensive to the hypertensive state. Again, this is not an 
easy category to study but it comprises the people who could be labeled as being 
prehypertensive. It seems that this group of patients is not too dissimilar from that 
which was designated in the past with such terms as “labile hypertension” or “bor-
derline hypertension.” The term “labile hypertension” has been largely abandoned 
because, in fact, nearly all patients with hypertension have some degree of lability 
of their blood pressure. Borderline hypertensives are people who sometimes cross 
the line of normality in terms of blood pressure but who at other times are com-
pletely normotensive. According to a much-used definition it is a condition in 
which blood pressure is sometimes below but more often above the arbitrary 
140/90 mmHg cutoff point that separates normotension from hypertension. One 
would think, therefore, that this is a transitory state in which an individual gradu-
ally moves from being truly normotensive to being truly hypertensive. As such, one 
could label this state also as prehypertension although it is not entirely the same. 
Prehypertension was defined in the Seventh Report of the Joint National Committee 
(JNC-7) as a blood pressure, based on the average of two or more properly mea-
sured, seated, readings on each of two or more office visits from 120 to 139 mmHg 
systolic or from 80 to 89 mmHg diastolic [2]. Thus, an evolutionary scheme could 
be: true normotension-prehypertension-borderline hypertension-true hypertension. 
Admittedly, we do not know with certainty whether people go, indeed, through 
these stages of prehypertension and borderline hypertension and in the past border-
line hypertension has often been considered as an “illness” in its own right. Still, 
data from the Framingham study suggest that a normal or high-normal blood pres-
sure frequently progresses to full hypertension [3] and that this is associated with 
an increased cardiovascular risk [4]. So, until there is firm evidence to the contrary, 
we do best to consider prehypertension and borderline hypertension as, presum-
ably transient, phases in the hypertensive process.

13.2	 �Systemic Hemodynamics in Borderline Hypertension

Blood pressure (BP), in hemodynamic terms, is determined by cardiac output (CO) 
and total peripheral resistance (TPR) according to the formula: BP = CO × TPR. Whether 
the very early phases of hypertension are related to a rise in vascular resistance or in 
cardiac output or both has for years been a matter of vigorous debate. Initially, the 
hemodynamic studies focused primarily on young, borderline hypertensives. Most of 
these studies found that cardiac output, when corrected for body size and expressed 
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as cardiac index (L/m2), as well as heart rate is increased by about 15% in border-
line hypertensives as compared to matched normotensives [5, 6]. Since cardiac 
output is the product of heart rate and stroke volume, in theory both components 
could be involved. However, it turns out that the rise in cardiac output in borderline 
hypertensives is mainly due to an elevated heart rate and far less to alterations in 
stroke volume. In a series of elegant experiments, Julius and coworkers have shown 
that both enhanced sympathetic and reduced parasympathetic activity can be held 
accountable for the “hyperkinetic” heart [7]. These investigators found that heart 
rate became normal after total autonomic blockade with propranolol and atropine 
combined (but not after any one of these alone) which suggests that the pacemaker 
by itself acts normally but that it is rendered overactive by neurogenic influences. 
The same researchers also found stroke volume index to be slightly increased but 
several other studies failed to find a difference in this variable between normoten-
sives and borderline hypertensives. Overall, therefore, the case for a hyperkinetic 
heart in borderline hypertension seems to be stronger with respect to frequency 
than to stroke volume. It must be emphasized, though, that in virtually all publica-
tions only mean values are presented for the hemodynamic data. Nevertheless, 
interindividual variations were substantial and true increases are apparent in only 
about one-third of the patients [6]. Finally, total peripheral resistance was, on aver-
age, increased in the group with borderline hypertension. Even though resistance 
was numerically normal in those with a hyperkinetic heart, it was inappropriately 
high for the degree of systemic flow. Therefore, it is safe to conclude that border-
line hypertension, if we consider this to be an early phase of hypertension, is char-
acterized by an augmented vascular resistance either with or without a hyperkinetic 
heart.

13.3	 �Systemic Hemodynamics in Prehypertension

If we want to try to catch potential hemodynamic abnormalities in even earlier 
phases of the hypertensive process, it is worthwhile to explore systemic hemody-
namics in individuals with prehypertension. This has been done, for instance, in the 
Strong Heart Study which is a population-based survey of cardiovascular risk fac-
tors and cardiovascular disease in several American Indian communities [8]. At the 
fourth follow-up examination of this study, Drukteinis and coworkers recruited 
1940 participants below 40 years of age (average age 27 years) of whom 971 were 
normotensive, 294 were hypertensive, and 675 fulfilled the criteria of prehyperten-
sion (35%). In all these participants, echocardiographic measurements were 
obtained to estimate cardiac mass and performance. Compared to normotensives, 
heart rate and cardiac output were significantly higher in the prehypertensives. 
However, cardiac index did not differ between groups and averaged 2.67 and 
2.73 mL/min m2, respectively, in the normotensives and prehypertensives (Fig. 13.1). 
These numbers are notably lower than those registered in earlier studies in border-
line hypertension [6]. Of note, in the prehypertension group more people were 
obese and/or had diabetes or impaired glucose tolerance. However, adjustment for 
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these confounders did not change the results. Total peripheral resistance index was 
higher in prehypertension and so was the pulse pressure/stroke index quotient. The 
latter can be considered as a proxy for arterial stiffness, which apparently is already 
increased in prehypertension as well. In addition, the prehypertensive group showed 
a greater left ventricular mass and more often frank left ventricular hypertrophy. 
Incidentally, besides a higher systolic pressure, the presence of left ventricular 
hypertrophy also appeared to be a predictor of further progression from prehyper-
tension to hypertension [9].

Almost at the same time, Zhu and coworkers reported on their findings in an 
even younger group (average age 17 years) with prehypertension [10]. In white 
prehypertensives, these investigators also found a higher heart rate and total periph-
eral resistance together with a normal cardiac index (measured with impedance 
cardiography), which is in line with the data from the Strong Heart Study. However, 
in blacks they found the opposite hemodynamic pattern, i.e., a higher cardiac index 
but a normal heart rate and total peripheral resistance. Again, the latter still is inap-
propriately high in relation to the prevailing level of cardiac output because resis-
tance should have fallen in the face of the high systemic flow (Fig. 13.2). Another 
race-related feature was arterial stiffness which was greater in white prehyperten-
sives compared to white normotensives but not different between the two blood 
pressure groups in blacks.
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A little later, Davis and associates published their results with respect to the auto-
nomic and hemodynamic origins of prehypertension [11]. They obtained their data 
from the UCSD twin/family study and compared 340 prehypertensives with 337 nor-
motensives of comparable age. For the hemodynamic measurements, an oscillomet-
ric device was used which collects several cardiac and vascular functional data. Also 
in this study, mean heart rate and cardiac output were significantly higher in the 
prehypertensive group and so was stroke volume. Remarkably, when normalized for 
body surface area the differences persisted. Total peripheral resistance was numeri-
cally similar in the two groups but one could argue that this was still inappropriately 
elevated for the height of cardiac output in the prehypertensives (Fig. 13.2). Other 
striking findings in the prehypertensives included enhanced cardiac contractility, a 
wider pulse pressure and reduced brachial artery distensibility and systemic vascular 
compliance, which is indicative for an increased vascular stiffness.

Finally, Pal and colleagues studied a group of 118 normotensives and 58 prehy-
pertensives of approximately 20 years of age and found both cardiac output and 
total peripheral vascular resistance to be significantly higher in the latter [12]. 
Although body mass index was substantially higher in the prehypertensives, the 
authors failed to normalize their hemodynamic data. Thus, we do not know whether 
the increase in cardiac output was also elevated in relation to body surface area or 
not. But regardless of cardiac index, their data also point to at least an increase in 
vascular resistance.
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In our own laboratory, we have studied a small group of young, male medical 
students who at one time had proven to be hypertensive, but later had blood 
pressures in the prehypertensive range [13]. They were compared to another 
group of young individuals, who were normotensive all the time. In each one of 
them we recorded blood pressure and noninvasively determined cardiac output 
and left ventricular ejection time by means of impedance cardiography. 
Importantly, all participants were put on a mildly sodium-restricted diet to avoid 
salt-dependent interindividual variations. In our hands, there were no differ-
ences in heart rate, stroke volume, cardiac output, and left ventricular ejection 
time between the two groups. Total peripheral vascular resistance, however, was 
significantly higher in the prehypertensives. Moreover, the pulse pressure over 
stroke index ratio as a proxy for systemic arterial stiffness was increased as well 
in these prehypertensives.

Taken together, the results of the various studies using different populations and 
different methodology are rather consistent in the sense that they suggest that even 
in prehypertension the peripheral vasculature is the main source of the elevated 
pressure. Moreover, an increase in vascular stiffness is a uniform finding [8, 10–15]. 
Undoubtedly, abnormalities in the microcirculation contribute to enhanced vascular 
stiffness on the one hand and an increased burden to the heart on the other.

13.4	 �Comparison with Established Hypertension

As little information there is concerning hemodynamics in prehypertension, as 
much is there about hemodynamic patterns in patients with established hyperten-
sion [6]. There is general agreement that in those in whom hypertension is still 
uncomplicated, the elevated pressure is maintained by an increased total peripheral 
resistance. By and large, heart rate remains higher in the hypertensives as well, but 
cardiac output is either normal or only slightly reduced.

In the Strong Heart Study, prehypertensives were not only compared to normo-
tensives but also to hypertensives with respect to their hemodynamic indices [8]. 
These data also show that heart rate was significantly higher in the hypertensives 
while cardiac index was similar. Total peripheral vascular resistance, when indexed 
for body surface area, was significantly greater in the hypertensives as well. The 
pulse pressure to stroke index ratio, as proxy for vascular stiffness, was clearly 
greater in the hypertensives compared to the normotensives with the prehyperten-
sives taking an intermediate position.

In their twin study, Davis and coworkers found significant trends across their 
groups of normotensives, prehypertensives, and hypertensives with respect to heart 
rate, cardiac index, pulse pressure, and vascular stiffness [11]. These were all lowest 
in the normotensives and highest in the hypertensives. The opposite trend was seen 
for brachial artery distensibility which was lowest in the hypertensives. Except for 
pulse pressure, however, post hoc analysis failed to find statistical differences in any 
of these variables between the prehypertensives and the hypertensives. Total periph-
eral vascular resistance was not different across or between the three groups.
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Even though conventional significance levels were not reached in most of the 
post hoc analyses, the trends are clearly in agreement with the data from the Strong 
Heart Study in that the “transition” from prehypertension to frank hypertension is 
associated with an invariably increased heart rate, no or only small changes in car-
diac output, and a further rise in arterial stiffness. In numerical terms, vascular resis-
tance may remain unaltered but even then, it signifies an inability to vasodilate 
properly in response to a normal or enhanced systemic flow.

In our own study on the medical students, we also compared the prehyperten-
sives to a group of matched hypertensives (unpublished data). The latter had a lower 
cardiac index and a higher vascular resistance and stiffness, without any difference 
in heart rate. Regarding the vascular abnormalities, therefore, these data also tally 
well with the previous ones.

13.5	 �Regional Hemodynamics

Total peripheral resistance is the sum of the resistances (calculated as for parallel 
circuits) in the various organs of the body. The magnitude of resistance to blood 
flow in any single organ determines which fraction of the cardiac output will be 
directed to it. Thus, if we would be able to simultaneously measure cardiac output 
and regional flows we could explore whether the rise in total resistance is a general-
ized phenomenon or preferentially occurs in specific organs. A rise in resistance 
occurs in all vascular beds that have been studied in hypertensives but it is particu-
larly striking in that of the kidney [16]. Renal fraction, which is the proportion of 
cardiac output that flows through the kidneys, falls with age in hypertensives, indi-
cating that the degree of vasoconstriction in the kidney becomes progressively 
greater than the rise in resistance elsewhere in the body. However, it is impossible 
to tell whether this preferential renal vasoconstriction is the cause or the conse-
quence of a higher blood pressure.

Even in this established phase of the hypertensive process glomerular filtration 
rate is well maintained for a long time so that filtration fraction which is defined 
as glomerular filtration rate as a percentage of the renal plasma flow gradually 
rises with the increase in renal vascular resistance. This suggests that the postglo-
merular resistance increases faster or more than preglomerular resistance. Only 
when the delivery of blood to the kidneys becomes severely compromised, filtra-
tion will fall. Although these pathophysiological features have been well described 
for established hypertension, only limited information is available with respect to 
the early phases of hypertension. If we turn again to borderline hypertension, the 
data from Messerli and coworkers on the renal and the splanchnic vascular beds 
are of relevance. These investigators studied 41 patients with borderline hyperten-
sion who were subdivided in groups with low, normal, or high cardiac output [17]. 
Except for cardiac output they also measured renal and splanchnic blood flow by 
means of radio-iodinated PAH and indocyanine green clearance, respectively. 
Both renal and splanchnic blood flow correlated significantly with cardiac output 
indicating that, at least in this patient population, the fractional distribution of 
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systemic flow to the kidneys and the splanchnic organs remains unaltered. In other 
words, the observed increase in vascular resistance at this stage is generalized and 
not preferential in, for instance, the kidneys. In a later study, Messerli’s group 
explored the relationship of renal blood flow and cardiac output with age in nor-
motensives and in borderline hypertensives [18]. In both groups, they found a 
parallel decline in systemic and renal flow with ageing. In other words, at any age 
the distribution of cardiac output over the kidneys and probably other organs is 
comparable in normotensives and borderline hypertensives. Thus, if there is no 
sustained hypertension, there is no preferential vasoconstriction in the renal 
vasculature.

Although a few studies have addressed regional flow patterns in prehypertension, 
no such data exist in combination with estimations of cardiac output except those 
from our own study in the medical students. In those, renal fraction was not differ-
ent either between the normotensives and the prehypertensives and, if anything, 
even slightly higher in the latter (22 vs. 20%). Renal vascular resistance in the pre-
hypertensives was numerically comparable to that in normotensives, but given the 
slightly higher blood pressure in the former, one could still consider this as being 
too high.

Despite the increase in renal vascular resistance, perfusion of the kidneys was 
even somewhat greater in the prehypertensive students than in their normotensive 
counterparts. Such a pattern of relative “overperfusion” has been seen in other stud-
ies as well and seems to “affect” about one-third of young people in their early 
stages of hypertension [19, 20]. The reason for the increased flow rate is not clear 
but may involve a mechanism to protect the glomeruli. Indeed, when glomerular 
filtration rate remains intact for a very long time despite a progressive decline in 
renal plasma flow, this will lead to an increased filtration fraction just as in patients 
with established hypertension. It is thought that a rise in postglomerular resistance 
is necessary to maintain filtration in the face of an enhanced preglomerular resis-
tance but this may also expose some glomeruli to the detrimental effect of an aug-
mented intraglomerular pressure. If the kidney now recruits dormant nephrons and 
increases total flow in order to perfuse these recruited nephrons, the filtration pro-
cess can be divided over a greater surface area without the necessity to raise pres-
sure in these glomeruli. This hypothetical sequence of events, however, needs to be 
confirmed in proper experiments.

As for other organs, there is a study from Turkey in 40 individuals with prehyper-
tension and 50 healthy volunteers who underwent transthoracic Doppler echocar-
diography to assess cardiac dimensions and coronary flow reserve (CFR) [21]. The 
two groups did not differ with respect to left ventricular mass and heart rate but CFR 
was significantly lower in the prehypertension group. Although these data point 
towards an increased resistance in the coronary vascular bed of prehypertensives, it 
is impossible to know whether this increase is proportional to that of systemic vas-
cular resistance.

Finally, Italian investigators have shown that in people with prehypertension fre-
quently abnormalities of the retinal circulation are found, including arteriolar nar-
rowing and, consequently, a reduced arteriolar-to-venular ratio [22].
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13.6	 �Follow-up Studies

All of the data described above have been obtained in cross-sectional studies which 
have only limited value for our understanding of the natural evolution of the hyper-
tensive process. Thus, longitudinal studies are indispensable to explore how hemody-
namics change over time. By far the most informative (and only) long-term study in 
this regard is that of Lund-Johansson [6]. This investigator has followed a group of 
young hypertensive individuals and age-matched normotensive controls for a period 
of 20 years with similar invasive hemodynamic measurements after 10 and 20 years. 
Although the hypertensives had slightly elevated blood pressures which precluded a 
diagnosis of borderline hypertension, they could be considered to be in a very early 
phase of hypertension that still did not require treatment. At the start of the study, 
heart rate and cardiac index were about 15% higher in the hypertensives who were 
then 17–29 years of age. After 10 years, blood pressure had changed remarkably lit-
tle. Nevertheless, total peripheral resistance had increased significantly, while car-
diac index and stroke volume index had fallen. Compared to the normotensives, heart 
rate remained elevated. During the following 10 years, all these changes progressed 
so that at the 20-year follow-up evaluation cardiac performance was even lower and 
vascular resistance higher with only minor changes in heart rate.

In our laboratory, we performed repeat examinations of systemic and renal hemo-
dynamics in the prehypertensive group of medical students as well as in the matched 
hypertensives after 2 years of follow-up [13]. During this time only the hypertensive 
participants received antihypertensive medication which was discontinued prior to 
the measurements. Although cardiac output and stroke volume showed a tendency to 
fall over the two-year period in the prehypertensives, the differences were not statisti-
cally significant. The same was true for total peripheral resistance which tended to 
rise slightly. Heart rate did not change and arterial stiffness remained invariably 
increased. In the hypertensives, cardiac output fell to a greater extent, together with 
a rise in resistance and arterial stiffness. Renal blood flow fell slightly in both the 
prehypertensives and the hypertensives with a rise in renal vascular resistance that 
was proportional to that in systemic resistance in both groups.

13.7	 �Pathophysiological Considerations

According to the classical concept of whole-body autoregulation an increased car-
diac output will elicit a vasoconstrictor response to prevent overperfusion of tissues 
and a disturbance of homeostasis [23]. This, in turn, will bring back cardiac output to 
its original level but at the expense of a raised vascular resistance and, hence, an 
increased blood pressure. It has long been thought that this sequence of events, which 
was based on observations in experimental animals, would be applicable to hyperten-
sive humans as well. Many of the hemodynamic observations that have been obtained 
in patients in different stages of their hypertension do, indeed, suggest that also in 
man hypertension evolves from a high-output, normal resistance state into a low-
output, high-resistance state. The high-output state at the early phase of hypertension 
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or during the period of prehypertension is often explained by enhanced sympathetic 
activity or altered volume homeostasis. The increase in resistance over time is then 
seen as the equivalent of the whole-body autoregulation mechanism. There are, how-
ever, several arguments against the hypothesis of this hemodynamic transition. First, 
a high-output state does not necessarily lead to an increased resistance or to hyper-
tension. Clinical examples include severe anemia, hyperthyroidism, arteriovenous 
anastomoses as in Paget’s disease, beri-beri, and Gorlin’s syndrome. These are all 
conditions in which cardiac output may sometimes be extremely high, yet is not fol-
lowed by a (progressive) rise in vascular resistance. Secondly, an autoregulatory 
vasoconstrictor response occurs only when tissue perfusion exceeds metabolic 
demands (so-called luxury perfusion) but this does not occur in humans [6]. Indeed, 
the rise in cardiac output is entirely proportional to oxygen consumption. Thirdly, not 
all patients with borderline hypertension or prehypertension have an increased car-
diac output. Thus, a hyperkinetic circulation is not at all a prerequisite to develop 
sustained hypertension. Finally, there are patients with high-output borderline hyper-
tension or prehypertension who will never progress to the state of hypertension and 
sometimes may even “regress” again to normotension.

As a matter of fact, there is no need to invoke a cardiac driver of hypertension if 
we focus more on vascular resistance itself. As already outlined above, even a 
numerically normal vascular resistance is still elevated in the face of the prevailing 
level of cardiac output, regardless of whether output is increased or not. With a 
high systemic flow that is appropriate in relation to tissue demands, the normal 
response would be peripheral vasodilation to prevent a rise in blood pressure. Thus, 
effectively all hemodynamic studies point to a disturbance of vasoregulation, even 
in the very early stages of hypertension or prehypertension. If we accept the fact 
that hypertension always starts as an abnormal vasoconstrictor state (from what-
ever cause), we could see an increased variability of blood pressure and cardiac 
output just as secondary phenomena. Whether cardiac output will be normal or 
high will then depend on what “force” is needed for adequate tissue perfusion.

Collectively, the available data strongly suggest that in prehypertension and bor-
derline hypertension or, for that matter, the early stages of hypertension there is no 
preferential increase in vascular resistance in any specific organ and certainly not in 
the kidney. This renders an initiating role of (relative) renal ischemia as the cause of 
hypertension less likely. It is beyond the scope of this chapter to elaborate on the 
possible causes of the abnormal resistance but likely genetic, endothelial, and neu-
rohumoral factors will play an important role. Whatever mechanisms are involved, 
any theory on the pathogenesis of hypertension must account for this generalized, 
hence non-localized, increase in resistance.

�Conclusions

If we try to reconcile the findings described above in a hypothetical scheme 
concerning the development of hypertension, it is likely that the transition from 
normotension to established hypertension may first go through a phase of pre-
hypertension and then borderline hypertension. Likely, the duration of these 
phases is variable and unpredictable with some people progressing very fast 
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and others staying in one of these phases for a long time with perhaps even a 
return to normal pressures. The general increase in resistance as seen in prehy-
pertension causes only a minor rise in blood pressure which is maintained 
because cardiac output cannot fall because of the metabolic demands. In prin-
ciple, this phase can last for a long time. On the long run, systemic resistance 
probably further increases due to (inappropriate) vascular remodeling, i.e., 
increased vascular stiffness, resulting in propagation to borderline and estab-
lished hypertension. Perhaps it is only when the renal fraction falls and the 
kidney gets jeopardized that the transition to full-blown hypertension is set in 
motion with the kidney now probably taking on a culprit role. While these are 
hypothetical thoughts, they may form a good starting point for future hemody-
namic studies in prehypertension and hypertension.
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14.1	 �Microvascular Structure in Hypertension

Resistance arteries are key elements in the control of blood pressure. The main drop 
in hydrostatic pressure occurs at the level of the resistance vasculature: i.e. small 
resistance arteries (<350 μm of lumen diameter), arterioles (<100 μm of lumen 
diameter) and capillaries (about 7 μm of lumen diameter) [1, 2]. Total peripheral 
resistance in terminal arteries and arterioles amounts to 45–50%, in capillaries to 
23–30%, in venules to 3–4%, and to 3% in veins [2]. Thus, structural changes in the 
microcirculation may directly and strongly affect blood pressure values. In fact, it is 
now widely accepted that structural abnormalities of microvessels are common 
alterations associated with chronic hypertension [1, 3–5]. A thickened arterial wall 
together with a reduced lumen (a process known as remodelling) may play an 
important role in the increase of vascular resistance, and may also be an adaptive 
response to the increased haemodynamic load. As described by Poiseuille’s law, 
resistance is inversely proportional to the radius to the forth power; therefore, slight 
alterations in arterial lumen result in significant effects on vascular resistance. In 
addition, hypertension seems to be associated with a reduction (rarefaction) in the 
number of capillaries [6–8].

In the last few years, several evidences have suggested that hypertensive injury 
of small arteries may participate also in the pathophysiology of its complications. 
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Hence, the study of structural alterations of resistance vessels in essential hyperten-
sion, the possibility of their regression with antihypertensive treatment as well as 
their contribution to the prognosis of patients with essential hypertension should be 
considered of great clinical and scientific interest.

14.2	 �Microvascular Structure in Diabetes Mellitus

Microvascular complications are major contributors to morbidity, mortality and 
costs of both non-insulin-dependent (NIDDM) and insulin-dependent diabetes mel-
litus (IDDM) [9]. Damage of the small vessels in the kidney can lead to end-stage 
renal disease, structural alterations of the smaller vessels that supply nutrients and 
oxygen to peripheral nerves contribute to neuropathy while damage of the micro-
vasculature of the eye is the leading cause of loss of vision in working-age adults. 
The clinical manifestations of microvascular disease are so characteristic of the 
disease that diabetes itself is defined primarily by the level of hyperglycaemia which 
causes microvascular complications.

Alterations in the microcirculation involve small resistance arteries, arterioles, 
capillaries and post capillary venules. A relevant role in the impairment of vascular 
distensibility may be played by advanced glycosylation end products (AGE), 
which may be involved in the formation of collagen cross-links [10]. While there 
is a huge number of data about microangiopathy (capillary and arterioles), quite 
few data about morphology of small resistance arteries (diameter ranging from 100 
to 350 μm) in diabetes mellitus are presently available. In one study [11], no differ-
ence in subcutaneous small artery structure was observed between control subjects 
and patients with insulin-dependent diabetes mellitus (IDDM). On the contrary, it 
has been demonstrated that, in both hypertensive and normotensive patients with 
NIDDM, marked alterations in small artery structure are present [12], and that 
these alterations are more pronounced in hypertensive patients with NIDDM than 
in patients with essential hypertension or in normotensive diabetics (Fig.  14.1) 
[12]. In addition, in diabetic patients a clear increase in the media cross-sectional 
area of the vessels was observed, thus suggesting the presence of hypertrophic 
remodelling (vascular smooth muscle cells hypertrophy or hyperplasia) [12, 13] 
(Fig. 14.1). This was not the case of patients with essential hypertension. A weak, 
but significant correlation between circulating levels of insulin and media-to-lumen 
ratio of subcutaneous small arteries was observed in diabetic patients, thus sug-
gesting a possible role of insulin or insulin-like growth factor-1 in the genesis of 
hypertrophic remodelling in these patients [12] However, an alternative explana-
tion for the presence of hypertrophic remodelling in these vessels has been pro-
posed [13]. In fact, a possible stimulus for hypertrophic remodelling could be the 
increased wall stress, as a consequence of the impaired myogenic response. 
Myogenic response is a pressure-induced vasoconstriction, which is the key com-
ponent of blood flow autoregulation and stabilization of capillary pressure. The 
observation by Schofield et al. [13] of the lack of such a myogenic response in 
diabetic patients may therefore be responsible for the development of hypertrophic 
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remodelling of small arteries (Fig. 14.2) [13]. As mentioned, while small resis-
tance arteries and arterioles may undergo a remodelling process and fibrosis in 
pathological conditions, capillaries may undergo a functional or structural rarefac-
tion, with consequent reduction in the density per area units of tissue. This process 
of vascular rarefaction was previously observed in patients with hypertension [7, 8] 
but also in patients with NIDDM [14, 15].

On the contrary, in other vascular districts such as the retina, microvascular pro-
liferation may also be observed. In fact, diabetic retinopathy results either from 
capillary leakage or from new vessel formation (neovascularization, angiogenesis), 
caused by capillary closure and retinal ischaemia. The capillaries leak lipid products 
and fluid in the area around the fovea and thicken the retina, which may lead to 
macular oedema. Angiogenesis is the result of retinal ischaemia, and retinal haem-
orrhages are the consequence of the fragility of neovessels. The haemorrhage can 
enter the vitreous and cause sudden loss of vision. Several mechanisms and meta-
bolic abnormalities, acting alone or in concert with each other, may lead to capillary 
death, leakage and occlusion and to the release of growth factors, finally resulting in 
new vessel formation and increase vascular permeability. A relevant role is played 
by vascular endothelial growth factor (VEGF). Whereas VEGF is involved in 
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Fig. 14.1  Subcutaneous small resistance arteries structure in hypertensive and diabetic patients. 
Left: Media-to-lumen ratio in subcutaneous small resistance arteries from normotensive subjects 
(NT), essential hypertensive patients (HT), normotensive patients with non-insulin-dependent dia-
betes mellitus (NIDDM) and hypertensive patients with NIDDM (NIDDM and HT). A clear 
increase may be observed in all the three pathologic groups, which is more evident in hypertensive 
patients with NIDDM. Right: Medial cross-sectional area in subcutaneous small resistance arteries 
from normotensive subjects (NT), essential hypertensive patients (HT), normotensive patients with 
NIDDM and hypertensive patients with NIDDM (NIDDM and HT). An increase may be observed 
in the diabetic patients, which is more evident in normotensive patients with NIDDM. (*)p = 0.06, 
*p < 0.05 vs. Normotensives. Mean ± SEM. (re-drawn, data from [12])
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vascular leakage and angiogenesis, growth hormones and the insulin-like growth 
factor-1 (IGF-1) are involved, as mediators, in angiogenesis.

14.3	 �Microvascular Structural Alterations  
and Organ Perfusion

As previously mentioned, the extent of structural alterations in small resistance 
vessels is more pronounced in patients with both diabetes mellitus and hyperten-
sion, thus suggesting that clustering of risk factors may have synergistic deleteri-
ous effects on the vasculature [12, 13]. An important pathophysiological and 
clinical consequence of the presence of structural alterations in small resistance 
arteries and arterioles may be an impairment of vasodilator reserve [16]. In fact, as 
previously reported, remodelling of small resistance arteries is characterized by a 
narrowing of the lumen, which leads to an increase of flow resistance even at full 
dilatation, i.e. in the absence of vascular tone. A significant correlation between 
coronary flow reserve and subcutaneous small resistance artery remodelling has 
been observed in hypertensive patients, suggesting that structural alterations in 
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small resistance arteries may be present at the same time in different vascular dis-
tricts, including those of paramount clinical importance, such as the coronary cir-
culation [17]. Recently, we have observed a correlation between media-to-lumen 
ratio of cerebral small resistance arteries and cerebral blood flow in the cortical 
grey matter, basal ganglia, thalami and subcortical white matter (Fig. 14.3), thus, 
again, suggesting that more pronounced alterations of small vessels may be associ-
ated to an impaired tissue perfusion [18]. Cerebral autoregulation, a mechanism 
aimed at maintaining constant brain flow in the presence of changes in mean blood 
pressure is shifted rightward in hypertension [19], and this may have a conse-
quence in terms of excessive reduction in cerebral perfusion during abrupt reduc-
tions in blood pressure [19, 20].

It was observed also that a relatively close correlation exists between structure of 
subcutaneous small resistance arteries of normotensive subjects and hypertensive 
patients and microvessel density in the derma, as evaluated by an immunohisto-
chemical approach (immunostaining for CD 31), thus suggesting that structural 
changes in the microcirculation may be present simultaneously at different levels 
[21] (Fig. 14.4).

An impaired microvascular hyperaemic response (which may reflect an altered 
flow reserve) has been observed in children with diabetes mellitus [22] as well as in 
adult patients with NIDDM [23]. Thus, alterations in the microcirculation may play 
an important role in the development of organ damage not only in hypertension but 
also in diabetes mellitus. In fact, a relevant prognostic role of an increased media-
to-lumen ratio of subcutaneous small resistance arteries in a high-risk population 
(including normotensive and hypertensive diabetic patients) has been previously 
demonstrated [24]. Also the characteristics of the vascular remodelling, i.e. eutro-
phic vs. hypertrophic remodelling was taken into account. For the same values of 
internal diameter, those subjects who suffered cardiovascular events had a greater 
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media-cross-sectional area, in comparison with those without cardiovascular events 
[25]. Therefore, it seems that, for the same size of the vessels explored, a more con-
sistent cell growth (hypertrophic remodelling, such as that observed in diabetic 
patients) means an even worse prognosis. It has been also suggested, as previously 
reported, that an impairment of myogenic response may have a relevant role in the 
development of hypertrophic remodelling in patients at high cardiovascular risk. In 
addition, an impaired myogenic response in small vessels may also induce an 
increase of high blood pressure flow to target organs and downstream increase in 
capillary pressure, with consequent increased permeability and capillary leakage. 
Fluid extravasation may induce organ damage. Some data support the presence of 
an increased capillary pressure in patients with diabetes mellitus [26], especially if 
they have increased blood pressure values [27], although at present time there is no 
general agreement about this issue.

The increase in capillary pressure seems to be related to the extent of clinical 
complications as well as to metabolic control [28]. Also vascular rarefaction per se 
may have important consequences in terms of tissue perfusion. In fact, it has been 
demonstrated that in patients with NIDDM, the mechanisms through which insulin 
is able to increase total limb flow or achieve optimal microvascular perfusion is 
impaired [14].

As mentioned, hypertension seems to be also associated with a reduction (rar-
efaction) in the number of parallel-connected arterioles and capillaries [6, 29], with 
possibly important consequences in terms of tissue perfusion [6]. Microvascular 
density may be evaluated non-invasively by videomicroscopy/capillaroscopy in 
specific cutaneous regions or in the nailfold [7, 8, 29]. In general, a functional rar-
efaction (reduction of capillaries perfused in basal condition) or a structural rarefac-
tion (reduction of capillaries that may be recruited, i.e. after venous congestion) 
may be observed in essential hypertension [6, 29]. Therefore, capillary rarefaction 
observed in hypertension is very likely a permanent anatomical change rather than 
a functional one. Whether it is pathologically important in terms of worsening the 
disease or generating complications is still a matter of debate, although it is proba-
ble that it might be associated to increased peripheral resistance and impaired tissue 
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perfusion, thus, consequently, to organ damage [30]. At present, however, we do not 
have convincing evidence of a prognostic value of a decreased capillary density in 
hypertension [29], at difference to what demonstrated for small resistance artery 
remodelling [24].

Tissue perfusion might be altered, especially in diabetes mellitus, also due to 
impaired myogenic properties of small vessels [13] (Fig. 14.2). In normal controls 
and in essential hypertension, an increase in intraluminal or transmural pressure is 
associated with vasoconstriction, in order to protect tissues from an overperfusion. 
This autoregulatory function is also vital to ensure stabilization of distal capillary 
pressures and, hence, to prevent, or limit, organ damage. Indeed in any animal model 
studied, when myogenic autoregulation is affected, target organ damage ensues [31]. 
Myogenic autoregulation is damaged in diabetes mellitus [13] (Fig. 14.2), and an 
excessive transmission of flow and energy to the periphery might be involved in the 
development of hypertrophic remodelling, usually seen in the vasculature of diabetic 
patients [31]. An impaired myogenic tone was also observed to be present in the 
cerebral or cardiac vasculature [32, 33], at least in animal models.

In any case, it is well accepted that cerebral lacunar infarctions [34], or large 
white matter hyperintensities [35], are usually expression of cerebral microvascular 
disease. Pulsatility index was associated with lower memory scores and worse per-
formance on tests assessing executive function. When magnetic resonance imaging 
measures (grey and white matter volumes, white matter hyperintensity volumes and 
prevalent subcortical infarcts) were included in cognitive models, haemodynamic 
associations were attenuated or no longer significant, consistent with the hypothesis 
that increased aortic stiffness and excessive flow pulsatility damage the microcircu-
lation, leading to quantifiable tissue damage and reduced cognitive performance. 
Marked stiffening of the aorta is associated with reduced wave reflection at the 
interface between carotid and aorta, transmission of excessive flow pulsatility into 
the brain, microvascular structural brain damage and lower scores in various cogni-
tive domains [36]. Middle cerebral artery pulsatility was also demonstrated to be the 
strongest physiological correlate of leukoaraiosis, independent of age, and it resulted 
dependent on aortic diastolic blood pressure and pulse pressure and on aortic and 
middle cerebral artery stiffness, supporting the hypothesis that large artery stiffen-
ing results in increased arterial pulsatility with transmission to the cerebral small 
vessels resulting in leukoaraiosis [36].

Therefore, it seems that a close relationship has been established between 
brain microvascular damage and indices of age and large artery stiffness (pulse 
pressure, aortic pulse wave velocity, and augmentation index) [36]. A possible 
pathophysiological explanation of this link can be offered on the basis of differ-
ential input impedance in the brain and kidney, compared with other systemic 
vascular beds: torrential flow and low resistance to flow in these organs exposes 
small arterial vessels to the high-pressure fluctuations that exist in the carotid, 
vertebral, and renal arteries. Such fluctuations, measurable as central pulse pres-
sure, increase three- to fourfold with age. Exposure of small vessels to highly 
pulsatile pressure and flow explains microvascular damage, renal insufficiency 
and intellectual deterioration [36].
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Finally, another issue possible relevant in respect with impaired tissue perfusion 
in pathological conditions is represented by the loss of anticontractile activity of 
perivascular fat.

A large body of evidence has accumulated suggesting that adipose tissue is prob-
ably highly metabolically active [37, 38]. This has important implications for the 
vasculature where the perivascular adipose tissue (PVAT) exerts an anticontractile 
effect through the paracrine actions of vasodilator adipokines. These adipose-
derived vasodilators act independently of the endothelium and include adiponectin, 
nitric oxide, hydrogen sulphide and palmitic acid methyl ester [36]. In patients with 
metabolic syndrome there is clear evidence that this anticontractile function is lost 
[39]: the perivascular environment becomes inflamed with increased oxidative 
stress, macrophage activation [40] and the release of a number of cytokines that can 
influence the bioavailability of key vasodilator molecules such as adiponectin [39]. 
The lack of a vasodilator effect mediated by perivascular fat might expose periph-
eral tissue to hypoperfusion [36].

14.4	 �Effect of Treatment on Microvascular  
Structural Alterations

Since changes in microvascular structure have a profound and direct effect on the 
development of hypertension complications and cardio-cerebrovascular events [24], 
it is expected that prevention/regression by appropriated treatment of these altera-
tions may be associated with a better prognosis [41, 42].

In hypertension, some intervention studies with specific drugs have demon-
strated an improvement or even an almost complete normalization of the structure 
of subcutaneous small resistance arteries with angiotensin converting enzyme 
(ACE) inhibitors (cilazapril, perindopril, lisinopril), calcium channel blockers 
(nifedipine, amlodipine, isradipine), angiotensin II receptor blockers (losartan, 
irbesartan, candesartan, olmesartan and valsartan) [3, 29, 43]. On the contrary, the 
β-blocker atenolol and the diuretic hydrochlorothiazide had limited effects on 
resistance vessels, despite a similar blood pressure reduction [3, 29, 43]. ACE 
inhibitors proved to be significantly more effective than the β-blocker atenolol in 
terms of changes in media-to-lumen ratio [43]. The same result was obtained com-
paring dihydropyridinic calcium channel blockers and atenolol, or angiotensin 
receptor blockers and atenolol [43]. It should also be noted that, during antihyper-
tensive treatment, the regression of microvascular structural alterations in the sub-
cutaneous small arteries of hypertensive patients is paralleled by an improvement 
of coronary flow reserve [42, 44].

Basal and total capillary density is increased in effectively treated antihyperten-
sives [45–47]. Hypertensive patients with their blood pressure well controlled with 
the combination perindopril/indapamide [45, 46] or lercadipine/enalapril [47] 
showed an improvement/normalization of capillary density, whereas other antihy-
pertensive treatments, including the combination lercanidipine/hydrochlorothia-
zide, had less effect despite similar blood pressure control [45, 47]. An improvement 
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in retinal capillary rarefaction was observed recently after valsartan treatment in 
hypertensive patients [48].

Inhibitors of angiogenesis, extensively used in oncology, may induce an increase 
in blood pressure values also through a reduction in capillary density [49]. This 
effect might have a clinical relevance in terms of cardiovascular risk and/or manage-
ment of these patients [49].

Few data are presently available about the possibility to improve or restore the 
anticontractile effect of PVAT in humans. Blockade of the renin-angiotensin sys-
tem [50] or antioxidants such as melatonin [51] seem to be effective, while also 
bariatric surgery seems to reverse the obesity-induced alteration to PVAT anticon-
tractile function [52]. This reversal is attributable to reductions in  local adipose 
inflammation and oxidative stress with improved adiponectin and nitric oxide bio-
availability [52].

Similarly, there are not many data about the effect of treatment on structural and 
functional alterations in the microcirculation of patients with diabetes mellitus. In 
the United Kingdom Prospective Diabetes Study (UKPDS), a large randomized 
controlled trial that included almost 5000 patients, it has been demonstrated that a 
tight haemodynamic and metabolic control is associated with a lower incidence of 
microvascular disease [53], and, in general, of clinical endpoints related to micro-
vascular disease [54].

Even fewer data are presently available about the effects of antihypertensive 
drugs on small artery structure in hypertensive diabetic patients. Despite effective 
antihypertensive treatment, resistance arteries from hypertensive diabetic patients 
showed marked remodelling, greater than that of vessels from untreated, nondia-
betic, hypertensive subjects, in agreement with the high cardiovascular risk of sub-
jects suffering from both diabetes and hypertension [55]. A study has compared the 
effects of 1 year treatment with the ACE inhibitor (enalapril) or the angiotensin II 
receptor blocker (candesartan), on subcutaneous small artery structure in hyperten-
sive patients with NIDDM [56]. The two drugs were equally effective in reducing 
media-to-lumen ratio of small arteries (Fig. 14.5), however, candesartan was more 
effective than enalapril in normalizing vascular collagen content, probably through 
a more pronounced stimulation of the local production of metalloproteinase 9 (a 
collagen-degrading enzyme). At variance to what is observed in the majority of 
studies in normoglycaemic hypertensive patients, media-to-lumen ratio of small 
arteries in treated diabetic patients did not reach the values observed in normoten-
sive controls, therefore suggesting that a complete regression of vascular hypertro-
phic remodelling is probably more difficult to obtain [56]. Angiotensin II receptor 
blockers seem to be effective in diabetic hypertensive patients also when given on 
top of an ACE inhibitor treatment [57].

It has been recently proposed that drugs that may stimulate PPARα or PPAR γ 
receptors (such as fibrates of glitazones) may be useful in terms of vascular protec-
tion and regression of structural alterations in the microcirculation although no con-
vincing data is presently available. The sodium-glucose cotransporter 2 inhibitor, 
dapagliflozin was demonstrated to be able to favourably affect microvascular and 
macrovascular circulation [58].
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Few data about patients with type 1 diabetes mellitus are presently available. A 
study from Greenstein et al. [59] suggests that, with poor metabolic control, small 
arteries from patients with type 1 diabetes mellitus show hypertrophic growth in 
response to elevated blood pressure, similar to that seen in type 2 diabetes mellitus. 
However, metabolic improvements enable eutrophic remodelling to occur in 
response to an increase in blood pressure [59].

�Conclusion
Probably, more than affecting resistance, microvascular rarefaction has the poten-
tial to disturb the cellular delivery of nutrients and oxygen, thus contributing to 
hypertensive end-organ damage [60]. Circumstantial evidence along this line 
comes from measurements of tissue partial pressure of oxygen in rat models of 
hypertension, where relative hypoxia occurred in the cremaster, a muscle in which 
rarefaction was consistently demonstrated, but not the spinotrapezius, a muscle in 
which no rarefaction was found [60]. The theoretical impact of rarefaction on tis-
sue oxygenation was also investigated by modelling the spatial distribution of 
partial pressure of oxygen with a finite element method; in that simulation, sup-
pression of 25% of microvessels generated extended areas of profound hypoxia, 
especially in the presence of high cellular demand for oxygen [60].

Alterations in the microcirculation represent a common finding, and 
microangiopathy is one of the most important mechanisms involved in the devel-
opment of organ damage as well as of clinical events in patients with diabetes 
mellitus [61, 62]. Both patients with essential hypertension and those with NIDDM 
are characterized by alterations in the resistance vasculature, i.e. an increased 
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media-to-lumen ratio, that in diabetics is the consequence of the so-called hyper-
trophic remodelling [61, 62]. Structural alterations of small arteries are associated 
with an increased cardiovascular risk in hypertensive and diabetic patients, perhaps 
as a consequence of an impaired organ flow reserve in several vascular districts, 
including the coronary vascular bed [61, 62]. In fact, it has been observed that the 
presence of an increased wall-to-lumen ratio in the subcutaneous resistance arter-
ies is associated with a worse prognosis in high-risk patients [61]. Hypertrophic 
remodelling, such as that observed in diabetic patients, seems to be associated with 
an even worse prognosis [25]. Data about the effect of therapy on microvascular 
structure in diabetic patients are scarce; however, renin-angiotensin system block-
ade seems to be effective in regressing, at least in part, the microvascular structure 
[61]. Blockers of the angiotensin-aldosterone system and calcium antagonists are 
effective in regressing small resistance artery remodelling in hypertension [43], 
and this regression seems to be clinically advantageous [41]; the same drug classes 
together with the diuretic indapamide were also able to improve microvascular 
density [45–47], however, in this case we do not know whether this improvement 
is associated with a better clinical prognosis.
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15.1	 �Introduction

During the past 40 years of research into obesity, hypertension, and chronic kidney 
disease, we have gained considerable knowledge on the effects of excess weight gain 
to alter numerous metabolic and hormonal processes, which can ultimately result in 
type 2 diabetes, cardiovascular disease, and chronic kidney failure. Over this span of 
time, we have witnessed the naming of these metabolic and hormonal alterations as 
a new condition, the Metabolic Syndrome. Additionally, we have noted that hyper-
tension in obesity appears to have some unique differences to essential hypertension 
in the normal weight population, and have preferred the term Obesity-Hypertension 
in our description of this process. Unfortunately, also during this timeframe, the obe-
sity epidemic worldwide has continued to surge unabated, and research into this 
topic is now more poignant than ever. This review will focus on an overview of this 
condition from insights gained over the preceding 40 plus years of research experi-
ence in this field, with an emphasis on Obesity-Hypertension.

Obesity and excess body weight result from the increase in the size and amount of 
fat cells. Obesity as a disorder is defined as excess body fat, and the most typical 
screening tool for the measurement of obesity in the general population is the Body 
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Mass Index (BMI). This measure is calculated by dividing a person’s weight in kilo-
grams by the square of a person’s height in meters. The World Health Organization 
has developed the following definitions using BMI for normal weight (BMI 18.5 kg/
m2 to <25 kg/m2), overweight (BMI 25 kg/m2 to <30 kg/m2), and obesity (BMI 30 kg/
m2 or greater) [1]. The definition of obesity has likewise been further subcategorized 
into three categories: class 1 (BMI 30 kg/m2 to <35 kg/m2), class 2 (BMI 35 kg/m2 to 
<40 kg/m2), and class 3 (BMI 40 kg/m2 or greater) [2]. The term “morbid obesity” has 
also frequently been used to describe patients with BMI > 40 kg/m2, although some 
have proposed this definition should include obesity at any stage with an obesity-
related illness such as type 2 diabetes or obesity-hypertension [3]. Though BMI has 
been a useful tool for describing obesity in the general population, it should be noted 
that it is not a direct measure of adiposity in the individual, and substantial variations 
can occur individually based upon adiposity and muscle mass [4]. Additionally, BMI 
also has limitations in that it does not allow for differentiation of visceral adiposity 
versus ectopic adiposity, which appears to have important consequences in regard to 
metabolic disease, as we will discuss later. Nonetheless, given its widespread adop-
tion and ease of calculation, and the general correlation with adiposity in most patients, 
it has been the most widely used of the definitions for obesity in the general popula-
tion, and unless specified will be the definition used for the purposes of this review [5].

Regardless of definition, obesity has become a worldwide epidemic, with a dou-
bling of rates across the globe since the 1980s, and increases have been seen in all 
regions during this timeframe, including Sub-Saharan Africa, an area previously 
low risk to this condition [6, 7]. In other analyses, body weight has been previously 
recognized as the sixth most important risk factor contributing to the overall burden 
of disease worldwide, and was felt to overtake smoking as the main preventable 
cause of death in the United States as of 2005 [8]. Though a multitude of genetic and 
environmental factors likely play a role in the surging rates of obesity worldwide, 
the most commonly implicated cause is an increasingly sedentary lifestyle seen 
with advancing technologies, coupled with the increased availability of energy 
dense, highly processed foods containing an excess of added fats, sugars, or both.

Obesity has long been recognized as a substantial contributor to the development of 
hypertension, with early data from the Community Hypertension Evaluation Clinic 
(CHEC) trial demonstrating the prevalence of hypertension up to two times higher in 
those who were overweight compared to individuals of normal weight, and three times 
higher for those individuals with low weight [9]. Similarly, it has been estimated that 
three-fourths of the overall prevalence of hypertension in the general population is felt 
to be attributable to obesity [10]. It has been recognized as early as the 1940s and 1950s 
that upper body obesity carries a higher risk of metabolic and cardiovascular complica-
tions, and over time this has been redefined to describe the variations as visceral fat 
accumulation versus ectopic fat accumulation, with a substantial body of evidence 
demonstrating a much more dangerous metabolic profile with visceral fat deposits 
[11–15]. In addition to the risk of hypertension, visceral adiposity is strongly associ-
ated with the development of the Metabolic Syndrome, a strong predictor of future 
cardiovascular events and the development of type 2 diabetes mellitus. Though various 
definitions exist, the metabolic syndrome is generally recognized by the following: 
increased waist circumference (>40 inches for men and >35 inches for women); 
increased serum triglyceride levels (>150  mg/dL); elevated blood pressure 
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(>130/85 mmHg); increased fasting glucose levels (>100 mg/dL); and decreased high-
density lipoprotein cholesterol (<40 mg/dL for men and <50 mg/dL for women) [6].

Hypertension remains one of the strongest risk factors for cardiovascular dis-
ease, including the development of stroke, congestive heart failure, and peripheral 
vascular disease. The risk for coronary heart disease death doubles for each increase 
of 20 mmHg in systolic blood pressure over a baseline of 115 mmHg and for each 
10 mmHg increase in diastolic blood pressure beginning at 75 mmHg [16]. In addi-
tion, long-standing hypertension can result in cardiac myocyte cell growth, result-
ing in both concentric (increased thickness and mass of the left ventricle) and 
eccentric (increased septal thickness) hypertrophy; and obesity coupled with hyper-
tension nearly doubles the risk of both forms of cardiac hypertrophy compared to 
patients with hypertension and normal weight [17]. Beyond cardiovascular disease, 
hypertension remains the second leading cause of end-stage kidney disease, and it 
appears obesity may have additive effects, in addition to contribution from associ-
ated hypertension, in the development of this condition [18, 19].

We will focus the remainder of this review on the pathophysiology of obesity-
hypertension, the treatment of this condition and relative impacts of weight loss via 
lifestyle modification, medications and bariatric surgery, and the role of pharmaco-
therapy for the treatment of hypertension in obesity.

15.2	 �Pathophysiology of Obesity-Hypertension

The physiology of hypertension in obesity and the metabolic syndrome is complex, 
with an increasingly recognized number of potential mechanisms contributing to 
this condition. Traditionally, the development of this condition was explained as a 
result of increasing plasma volume expansion and cardiac output in the setting of 
increased body mass, with impaired urinary sodium excretion. Vasodilation in the 
setting of increasing cardiac output subsequently results in glomerular hyperfiltra-
tion and increased distal tubular sodium delivery. Hyperinsulinemia, upregulation 
of the renin-angiotensin-aldosterone system, and the increase in sympathetic tone in 
obesity causes increased distal sodium reabsorption and impaired natriuresis, thus 
resulting in hypertension [20–33].

Although this explanation remains pivotal in the understanding of this condition, 
the precise mechanism underlying these changes appear increasingly complex, and 
a variety of newly discovered neuro-hormonal peptides, cytokines and adipokines 
likely additionally contribute to this condition, including leptin, ghrelin, glucagon-
like peptide 1 (GLP-1), and adiponectin.

We will explore the potential contribution of these components, as well as other 
physiological derangements in obesity in further detail.

15.2.1	 �Hemodynamic Alterations

The increase in cardiac output and plasma volume are long observed effects of obe-
sity, and it was long ago described by Guyton that impaired natriuresis in this condi-
tion must account for the development of hypertension [30]. The elevated stroke 
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volume and the increased intravascular volume cause eccentric cardiac hypertrophy 
and the elevated blood pressure in the same patients is followed by a concentric 
ventricular hypertrophy. Consequently the cardiac remodeling of the obese hyper-
tensive patients is characterized by a concentric-eccentric ventricular hypertrophy 
that may be the cause for the increased prevalence of congestive heart failure, 
arrhythmia, and sudden death in the obese population [20]. The elevated sympa-
thetic activity in obese subjects may cause more arrhythmia and coronary artery 
disease but the effect of hyperleptinemia and hyperinsulinemia in cardiac remodel-
ing remain controversial [21]. Reisin et al. reported in 1987 that both normotensive 
and hypertensive obese patients have increases in renal blood flow, cardiac output 
and blood volume, in the setting of decreased overall peripheral vascular resistance 
in comparison to patients of normal weight [31]. Thus, in this setting of increased 
renal blood flow and glomerular hyperfiltration, mechanisms must exist to account 
for impaired natriuresis, and to account for the difference observed between obese 
hypertensive patients and obese normotensive patients. The higher increase in glo-
merular filtration ratio compared with the renal flow will increase the filtration frac-
tion and all these hemodynamic changes are the cause for glomerulosclerosis [24].

In an early model of obesity, Reisin et al. described the changes that are associ-
ated with obesity and hypertension in rats with ventromedial hypothalamic electro-
lytic lesions compared with sham controls. These animals developed both obesity 
and hypertension. The cardiac output increased slightly but the peripheral resistance 
remained unchanged [32] (Fig. 15.1).

Hall et al. were able to demonstrate in 1993 the physiologic changes of obesity 
in an elegant model where dogs fed to obese states on a high-fat diet were compared 
to normal weight matched controls. The obese dogs developed hypertension during 
the 5 week study, and were demonstrated to have a marked increase in heart rate and 
cardiac output, though cardiac index remained unchanged, suggesting the increase 
was solely a product of increasing body mass. Increases in blood flow to the kidneys 
and glomerular filtration rate (GFR) were confirmed to develop in these animals. 
Through daily measurement of urinary electrolytes, the obese animals were demon-
strated to have a cumulative net sodium gain of 507 ± 107 mmol compared to the 
normal weight animals. Further corroborating existing models of obesity-
hypertension is that the obese fed animals had a net fluid gain of 15.7 L compared 
to the normal weight dogs. These animals were further found to have elevated 
plasma insulin and renin activity levels, consistent with the insulin resistant state of 
the metabolic syndrome observed in humans [23].

In a separate animal model using rabbits fed to an obese state and compared to 
normal weight controls, Carrol et al. demonstrated similar findings with respect to 
cardiac output, heart rate, cardiac index, and peripheral vascular resistance. In this 
model, however, the group was able to demonstrate significant differences with 
respect to regional organ blood flow rates. The obese rabbits in this example showed 
significant increases in blood flow to the kidneys, ovaries, ventricles, and lungs. 
Regional flow to adipose tissue, however, was decreased. Thus, it is hypothesized 
that as cardiac output increases with adiposity and increased body size, the relative 
avascularity of adipose tissue leads to an increase in flow to vital organs in 

J. Owen et al.



201

comparison to adipose tissue, accounting for difference seen within renal blood 
flow and glomerular hyperfiltration. It should be noted that in this study the weights 
of vital organs increased in the obese subjects as well, and this was mostly attributed 
to lean mass. Therefore, increased metabolic demand in obesity may also account 
for differences in regional blood flow rates [33].

Though animal models have limitations when compared to human subjects, 
these findings correlate well to observations seen in human subjects and provide a 
vital framework in our understanding of obesity-hypertension. As these changes in 
cardiac output and renal blood flow are seen in both “obese normotensive” individu-
als and obese hypertensive subjects in the metabolic syndrome, other important 
features must exist within the metabolic syndrome to account for impaired natriure-
sis encountered in obesity-hypertension.

When the renal and systemic hemodynamic findings in obese and lean normoten-
sive and hypertensive subjects were studied, the obese patients had an increased renal 
blood flow, increased total blood volume and increased cardiac output, as compared 
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↑Na reabsorption
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Fig. 15.1  Components and pathways of the metabolic syndrome. HDL High-density lipoprotein, 
SNS Sympathetic nervous system, ANP Atrial natriuretic peptide, RAAS Renin-angiotensin aldo-
sterone system, Na Sodium, CKD Chronic kidney disease, CVD Cardiovascular disease, T2DM 
Type 2 diabetes mellitus. (Figure reprinted with permission from Morse S, Zhang R, Thakur V, 
Reisin E. Hypertension and the Metabolic Syndrome. Am J Med Sci. 2005;330(6):303–10)

15  Obesity-Hypertension Physiopathology and Treatment: A Forty-Year Retrospect



202

to the lean normotensive and hypertensive patients. The total peripheral and renal 
vascular resistance was decreased. These investigators have shown that elevated car-
diac output and volume expansion in obese patients also increased renal perfusion 
and decreased renal vascular resistance [32]. The higher increase in glomerular filtra-
tion ratio compared with the renal flow will increase the filtration fraction and these 
hemodynamic changes are the likely mechanism for glomerulosclerosis [24].

In summary, the pathological lesion that characterizes the pathology of the 
human kidney in obesity-hypertension subjects is the development of glomerulo-
megaly with focal and segmental glomerulosclerosis [19].

15.2.2	 �Renin-Angiotensin-Aldosterone System  
Dynamics in Obesity-Hypertension

Upregulation of the Renin-Angiotensin-Aldosterone System (RAAS) is perhaps 
the best described mechanism accounting for impaired natriuresis in this condi-
tion. Upregulation of the RAAS system occurs despite a volume expanded state, 
which in normal physiology would downregulate RAAS expression. Multiple 
likely mechanisms for RAAS upregulation exist and include: (1) direct renin 
secretion via β-adrenergic stimulation by the sympathetic nervous system, (2) 
increased expression of RAAS components by the adipocyte itself and particu-
larly inflamed adipocytes as seen in visceral obesity, (3) extrinsic renal parenchy-
mal compression via intra-abdominal fat, and (4) extra-adrenal secretion of 
aldosterone from adipocytes [30, 34].

In the normal state, renin is produced by the juxtaglomerular (JG) apparatus in 
response to renal hypoperfusion in the setting of hypotension, and by catecholamine 
induced activation of β-1 adrenergic receptors located on the JG apparatus. Renin 
then converts free circulating angiotensinogen into angiotensin I, which is subse-
quently converted to angiotensin II in the lungs by the angiotensin-converting 
enzyme type 1 (ACE-1). Angiotensin II then binds to angiotensin receptor 1 (ATR1) 
on vascular smooth muscle cells, resulting in vasoconstriction. Additionally, angio-
tensin II directly stimulates the ATR1  in the proximal tubule to increase sodium 
reabsorption, and it stimulates the ATR1  in the zona glomerulosa of the adrenal 
gland to produce aldosterone, which results in increased sodium and water reab-
sorption in the distal tubule. In addition to this, ACE-1 also inactivates bradykinin 
and kallidin, which are potent vasodilators. In the setting of hypotension or shock, 
the RAAS system provides a useful mechanism to raise arterial blood pressure and 
minimize sodium and water wasting. However, in chronically activated states, such 
as in catecholamine excess seen in obesity, this results in excess sodium and volume 
retention and the development of hypertension [35].

The increase in baseline sympathetic tone in obesity is well documented and is 
likely a major component of chronic RAAS activation in obesity hypertension 
[36–38]. Both increases in muscle sympathetic nerve activity and baseline cate-
cholamine levels have been observed in obese human subjects [38–40]. One poten-
tial mechanism for this increase in sympathetic tone is via the hyperinsulinemic 
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state seen in the insulin resistant metabolic syndrome. Insulin has been shown to 
directly stimulate the sympathetic nervous system in human normotensive and pre-
hypertensive patients, however concomitant vasodilation in response to insulin 
infusion limits rise in arterial pressure in response to insulin in the normal state 
[41, 42]. It is not clear, however, if the vasodilatory properties of acute insulin 
release persist in the chronic hyperinsulinemic state, with some suggestion that in 
the setting of insulin resistance, the sympathetic effects of insulin may persist but 
without the vasodilatory properties. It has been well documented that chronic 
hyperinsulinemia is a strong predictor of hypertension, and hyperinsulinemia has 
been associated with hypertension independent of body mass index [43, 44].

Further, patients with normotension but hyperinsulinemia in the fasting state 
have been shown to have a twofold higher risk of developing hypertension in a four-
year follow-up compared to normal controls [45].

In addition to hyperinsulinemia due to insulin resistance in obesity, obese human 
subjects have also been found to have leptin resistance and hyperleptinemia [46, 
47]. In the normal state, leptin, a peptide hormone produced by adipocytes, stimu-
lates receptors within the hypothalamus that signals overfeeding and induces a feel-
ing of satiety, and via activation of the proopiomelanocortin pathway stimulates the 
sympathetic nervous system resulting in sympathetic activation [48–50]. Leptin 
infusion in the rare cases of leptin deficiency results in thermogenesis, anorexia, and 
weight loss [51–54]. However, in the hyper-leptin obese scenario, it no longer 
appears to have an influence on food intake or weight regulation, though it contin-
ues to exert an effect on sympathetic upregulation [55].

Further corroboration of the potential role of leptin in the development of blood 
pressure and SNS activation is the observation that mutations of melanocortin path-
way and inactivation of the leptin receptor delete hypertension despite hyperlepti-
nemia, and that animals undergoing chronic leptin infusion developed hypertension 
[56–59]. Furthermore, the hypertensive effect of leptin appears to be abolished with 
α- and β-adrenergic blockade, reinforcing the hypothesis that leptin’s hypertensive 
effects are potentiated via sympathetic activation [60].

Finally, sympathetic overactivation is also felt to occur because of sleep disor-
dered breathing and obstructive sleep apnea, which has been consistently shown to 
occur with greater frequency in obesity. Frequent nocturnal arousals in this condi-
tion have been shown to result in sympathetic bursts and result in increased baseline 
sympathetic tone in individuals with this condition [61–64]. More recently, it has 
been shown that volume expansion in obesity and rostral fluid shifts leading to pala-
tial and neck edema at night when patients are supine may be the underlying mecha-
nism accounting for sleep apnea in obese individuals [65, 66]. Therefore, though 
OSA is a consequence of volume expansion, its occurrence appears to result in a 
vicious cycle of further sympathetic activation and sodium retention, worsening the 
condition as well as the development of hypertension.

Beyond the sympathetic induced activation of RAAS in obese subjects, it appears 
that the adipocyte itself may have an important influence in increasing RAAS 
expression in obesity. All components of the RAAS system have been found within 
adipose tissue, and the renin receptor has been isolated to the adipocyte cell wall 
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[35, 67, 68]. Intriguingly, the renin receptor concentration was found to be much 
greater on visceral adipocytes than in ectopic adipocytes, suggesting adipocyte 
derived RAAS expression may account for some of the metabolic and hypertensive 
differences observed between visceral and ectopic obesity [69]. RAAS expression 
within the adipocyte appears to have an important role in visceral fat differentiation 
and growth, and interestingly, mice with angiotensin receptor inactivation and 
angiotensinogen knockout mice were both found to be immune to the development 
of diet induced obesity and hypertension despite a high-fat diet [70–74]. Increased 
expression of RAAS components is felt to influence systemic RAAS expression 
either from direct systemic secretion of these products from the adipocyte, or from 
“spillage” from the adipocyte, particularly in the setting of adipocyte hypoxia com-
monly seen in visceral obesity [35, 75–77]. It has been demonstrated in mice that as 
much as 30% of circulating angiotensinogen can be derived from the adipocyte 
[78]. Additionally, increased adipocyte derived angiotensinogen gene expression 
has been demonstrated in obese humans [77, 79].

A theorized but unconfirmed potential mechanism for increased RAAS expres-
sion in obesity-hypertension is from external compression of the kidneys from vis-
ceral fat deposits seen in severely advanced stages of obesity [35]. Retroperitoneal 
fat in humans tightly encases the renal capsule and can invade the renal sinuses. 
This compression, in theory, could result in reduced effective renal blood flow and 
distal tubule sodium delivery, which would then be sensed by the macula densa, and 
RAAS expression would be increased via the tubuloglomerular feedback mecha-
nism. Strong correlations between retroperitoneal fat and hypertension risk were 
reported from both the Framingham Heart Study cohort and the Dallas Heart study 
to support this hypothesis [80, 81].

Finally, in addition to increased adrenal production of aldosterone in response to 
elevated angiotensin II levels with RAAS upregulation, the adipocyte itself has 
more recently been shown to be a source of extra-adrenal aldosterone [82]. The 
extra-adrenal production of aldosterone by the adipocyte may account for the find-
ings of increased circulating aldosterone levels in visceral adiposity [83–87]. The 
degree to which extra-adrenal aldosterone contributes to obesity hypertension is less 
clear at this time, though numerous studies have linked hyperaldosteronism with 
inflammation and fibrosis of the vasculature and major organs, and this appears to 
be an important target for future investigation [88–90]. Further supporting this find-
ing is the observation that aldosterone antagonists appear to have a greater effect at 
reducing systemic blood pressure in patients with central adiposity as compared to 
other patients with resistant hypertension [91].

15.2.3	 �Sympathetic Nervous System in Obesity-Hypertension

Beyond RAAS stimulation, the increase in sympathetic tone in obesity additionally 
may result in alpha mediated vasoconstriction, beta mediated increased cardiac out-
put, and direct increase in urinary sodium reabsorption via the proximal tubule and 
loop of Henle, resulting in elevated mean arterial pressure. The potential impact of 
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the sympathetic system influencing impaired natriuresis was well demonstrated in a 
follow-up study using the dog model described earlier in the chapter. In this follow-
up study, the obesity induced hypertensive dogs were shown to have resolution of 
hypertension after undergoing renal sympathetic nerve denervation, a powerful 
demonstration of the influence of sympathetic system on natriuresis [92].

Increase in efferent renal sympathetic nerve activity has been shown to increase 
sodium retention, and this has been a suspected target for the impairment of natri-
uresis seen in obesity hypertension [39]. Unfortunately, despite numerous animal 
models and several early human trials demonstrating dramatic improvements in 
blood pressure with renal denervation, its use in human patients is currently 
inconclusive, with disappointing results for denervation when compared to sham 
renal artery catheter placement in the simplicity-3 trial [93]. Therapeutic applica-
tion with this technique is therefore uncertain for now and will require further 
investigation [94].

Nonetheless, the likely prominence of the role of the sympathetic nervous sys-
tem as a major mechanism in the development of obesity hypertension is reinforced 
by the finding that systolic blood pressure and mean arterial pressure is reduced by 
a greater amount by combined α-, β-blockade in hypertensive subjects with obesity 
versus lean hypertensive patients [95]. These findings suggest a more significant 
role of the sympathetic system in obesity hypertension when compared to other 
forms of hypertension.

15.2.4	 �Ghrelin, GLP-1, and Other Hormones

A multitude of relatively newly discovered gut peptide hormones, cytokines and 
adipokines may additionally contribute to the development of obesity hypertension. 
One intriguing possibility is the potential role of Ghrelin, a peptide hormone derived 
from gastric cells in response to caloric restriction. Ghrelin typically stimulates 
appetite in response to diminished food intake [96]. In human patients, Ghrelin infu-
sion was shown to have a hypotensive effect, resulting in a drop in both systolic and 
diastolic blood pressure in both obese and lean subjects. Despite this hypotensive 
effect, Ghrelin infusion resulted in increased muscle sympathetic nerve activity and 
a rise in serum cortisol levels. Though the study was small, the obese subjects were 
noted to have a more pronounced reduction in systolic blood pressure compared to 
the normal weight subjects (−11 mmHg vs. −6 mmHg) [97]. Ghrelin overexpres-
sion has not been found to be associated with most forms of human obesity, and in 
fact obese subjects have been associated with low serum Ghrelin levels, raising the 
possibility that the absence of this hormone and its antihypertensive effects may 
influence the development of hypertension in obesity [98].

The role of ghrelin is further complicated, however, from observations from bar-
iatric surgery. Gastric reduction surgeries, such as laparoscopic gastric banding, 
result in increased levels of circulating ghrelin in the postoperative state; whereas 
gastric resection type surgeries, such as the sleeve gastrectomy or the Roux-en-Y 
gastric bypass results in a further decrease in circulating ghrelin levels [99–101]. 
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Paradoxically though, the resection type surgeries are associated with a far superior 
improvement in hypertension compared to reduction surgeries, though other factors 
may complicate this such as the degree of weight loss [102]. Nonetheless, the poten-
tial impact of ghrelin on obesity hypertension is incompletely understood and 
requires more investigation.

Glucagon-like peptide-1 has more recently gained notice as a potential contribu-
tor to both the development of the metabolic syndrome and possibly as well to 
obesity hypertension. GLP-1 affects gastric emptying and influences insulin sensi-
tivity [103]. The GLP-1 agonists liraglutide and exenatide have been shown to have 
modest effects at lowering weight and blood pressure in patients with type II diabe-
tes mellitus, and the blood pressure reduction with these medications appears to be 
greater than would be expected to a corresponding weight reduction alone [104–
107]. In contrast to these findings, however, Krisai et al. demonstrated a linear cor-
relation between fasting plasma GLP-1 levels and ambulatory blood pressure in 
human subjects [108]. Additionally, studies on infusions of GLP-1 have been mixed, 
with some findings demonstrating acute infusions raising blood pressure, while oth-
ers have showed a chronic infusion resulting in natriuresis via release of atrial natri-
uretic peptide [109–111].

Finally, adiponectin, an adipokine secreted by healthy adipose tissue, appears to 
have numerous positive effects on the cardiovascular system, with higher levels 
associated with lower blood pressure, improved insulin sensitivity, and reduced 
basal sympathetic tone [112–114]. Levels of adiponectin are reduced however in 
visceral obesity, and it is felt that this may additionally contribute to the develop-
ment of obesity hypertension, though the mechanism is unclear at this time.

Beyond ghrelin, GLP-1, and adiponectin, a myriad of additional gut peptides, 
adipokines and inflammatory cytokines appear to be altered in obesity and the meta-
bolic syndrome. The potential of these other agents to affect blood pressure in obe-
sity hypertension is incompletely understood. Certainly, the complexity of this 
condition will continue to widen with future investigations into this interesting 
pathology (Fig. 15.2).

15.3	 �Treatment of Obesity-Hypertension

15.3.1	 �Weight Loss: Lifestyle Modification

It has long been proven by Reisin et  al. that weight loss, regardless of sodium 
restriction, results in significant improvement in arterial blood pressure [115]. In 
addition to effects on blood pressure, weight loss in obese subjects has been shown 
to result in significant improvement in other cardiometabolic risk factors of the 
metabolic syndrome including hyperglycemia and dyslipidemia [116–121]. As a 
result of these findings, it has been universally recommended that all patients with 
obesity and metabolic syndrome undergo lifestyle modification with a focus on 
weight loss through diet and exercise. Unfortunately, sustained weight loss with 
lifestyle modification alone is difficult to achieve in practice, and poor overall 
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weight loss has been observed in long-term studies [122–124]. Further complicat-
ing matters, an ever-increasing number of weight-reducing diet plans now exist and 
the metabolic impact of each style of diet is uncertain [125]. Likewise, the potential 
impact of diet versus exercise or both, as well as the type of exercise performed and 
its impact on hypertension and other metabolic components, is also a matter of 
debate [126–129].

In terms of the magnitude of blood pressure improvement to be expected with 
weight loss, several meta-analyses have now been conducted regarding the available 
studies. In 2003, Neter et al. conducted a review of 25 randomized controlled trials 
of the effect of weight loss on hypertension [130]. A total of 4874 patients were 
included in the analysis. In this analysis, an average weight reduction of 5.1kg, or 
5.8% of initial body weight, resulted in a decrease in systolic blood pressure (SBP) 
of 4.44 mmHg, and a decrease in diastolic blood pressure of 3.57 mmHg. In sub-
analysis, greater weight loss resulted in larger decreases in both systolic and dia-
stolic blood pressure, with weight loss of greater than 5.0 kg resulting in a reduction 
in SDP of 6.24 mmHg, and DBP to 4.97 mmHg, compared to 2.44 mmHg SBP and 
1.97 mmHg DBP in those with weight loss of less than 5.0 kg. The reduction in this 
study corresponded to a reduction of 1.1/0.9 mmHg SBP/DBP per kilogram of body 
weight lost, which corresponded well to an earlier smaller analysis of randomized 
controlled trials by Stassen et al. demonstrating a decrease of 1.2/1.0 mmHg SBP/
DBP per kilogram body weight lost [131].
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Fig. 15.2  Mechanisms of Obesity-Hypertension. (Figure reprinted with permission from Owen 
JG, Yazdi F, Reisin E. American Journal of Hypertension 2017;31(1):11–17)
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A later review by Aucott et al. in 2005 sought to determine the durability of blood 
pressure reduction with weight loss over time [132]. This analysis examined a total of 
14 studies, with a total of 4952 patients, and ranging in follow-up from 2 to 11 years. 
The study was confounded by inclusion of trials with surgical weight loss as well as 
medication induced weight loss. Though a rough correlation of a 1:1 ratio of blood 
pressure decrease mmHg per kilogram body weight was observed in the short term; 
when examining results greater than 2 years after weight loss this dissipated to a pre-
dicted drop in blood pressure of 6.0/4.6 mmHg per 10 kg of body weight lost. Thus, it 
was concluded that long-term reduction in blood pressure with weight loss might be 
roughly half that estimated from shorter term trials. A separate, later review of eight 
clinical trials by the same group in 2009, predicted a drop of SBP by 5.6 mmHg for 
5 kg weight loss, confirming the earlier estimates, however the reduction could not be 
predicted from the data for diastolic blood pressure and appeared to become less reli-
able for follow-up of greater than 3 years, again calling into question the long-term 
durability of blood pressure reduction after weight loss [133].

Most recently, a Cochrane review by Semlitsch et al. has again reexamined this 
issue [134]. In this review, a total of eight randomized controlled trials met criteria 
for review, with a total of 2100 patients. Overall, a reduction of 4.5/3.2 mmHg was 
observed with an average weight reduction of 4  kg, consistent with the roughly 
1:1 mmHg/kg weight loss from baseline reduction in blood pressure as noted from 
previous reports. Therefore, though these results are overall modest, the consistent 
finding of an improvement in blood pressure with weight loss, coupled with 
observed improvements in other cardiometabolic risk factors with weight loss, rein-
force the importance of the recommending weight loss for all patients with 
obesity-hypertension.

The ideal type of diet, which should induce weight reduction and improvement 
in cardiometabolic risk factors, remains controversial. The so-called DASH diet, 
adopted from the Dietary Approaches to Stop Hypertension (DASH) trial, is per-
haps the most well studied of the available popular diet plans. In the original trial, 
459 patients with blood pressures less than 160/95 mmHg were recruited [135]. In 
the first 3 weeks, all patients were given the control diet, which was felt typical of 
the average diet in the United States at the time of the study. After the 3-week run in 
period, the patients were then stratified into one of three dietary pattern groups for 
the next 8 weeks. In the first group, the patients continued to receive the control diet. 
In the second group, the patients were given a diet rich in fruits and vegetables com-
pared to the control group. Finally, in the third group, the patients were given a 
“combination” diet rich in fruits and vegetables, as well as low-fat dairy and with an 
emphasis on reduction of saturated fat compared to the control group and group 
two. All meals and snacks for the participants were prepared by the study sites and 
participants were not allowed outside food. Importantly, all participants in all three 
groups were restricted to 3 gm daily of sodium. In both intervention arms, the potas-
sium target was 4700 mg per day, compared to 1700 mg per day in the control arm. 
Both intervention arms in the DASH trial produced significant reductions in blood 
pressure, with the most improvement in the third “combination group.” The fruit 
and vegetable only group saw a decrease overall of 2.8/1.1 mmHg in blood pressure 
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versus the control group, and the combination group saw an improvement of 
5.5/3.0 mmHg in blood pressure versus the controls. More impressively, when the 
patients with hypertension at study inclusion were sub-analyzed, the hypertensive 
patients in the combination group saw a reduction of blood pressure of 11.4/5.5 mmHg 
compared to the control group. Likewise, the hypertension patients in the fruit and 
vegetable group saw an improvement in blood pressure of 7.2/2.8 mmHg compared 
to the control group. The combination group diet from DASH emphasizing increased 
fruits and vegetables, increased low-fat dairy, and decreased saturated fat intake has 
since become known as the DASH diet. It should be noted, however, that in popular 
culture the DASH diet is often referred to as a low sodium diet, and while naturally 
low in sodium, the original study had no differences in sodium intake between the 
intervention arms and the control group. Therefore, the differences in blood pres-
sure reduction could not be explained from sodium restriction with this diet, but 
must occur via alternate mechanisms such as increased intake of potassium, intake 
of antioxidants and other micronutrients from fruits/vegetables, from decreased 
saturated fat intake and improvement in omega-3 fatty acid consumption, or possi-
bly via increased intake of milk proteins [136, 137].

The ENCORE study was a subsequent evaluation of the DASH diet alone or in 
combination with a weight loss and exercise plan compared to controls, and demon-
strated that the DASH diet combined with weight loss was far superior to DASH 
diet alone in reducing blood pressure [138]. This study demonstrated an impressive 
reduction of blood pressure of 16.1/9.9 mmHg when the DASH diet was combined 
with exercise and weight loss versus a reduction in pressure of 11.2/7.5 mmHg via 
the DASH diet alone. In a secondary analysis of the ENCORE study, the same 
group sought to examine the effects of the DASH diet on other parameters of the 
metabolic syndrome; notably insulin sensitivity, fasting lipid profile, and exercise 
capacity [139]. Interestingly, this analysis demonstrated improvement in these fea-
tures only in the group weight loss and exercise combined with DASH diet. The 
DASH diet alone had no changes in these features compared with the control diet. 
Thus, it was concluded that although DASH diet is helpful in improving blood pres-
sure alone; weight loss is essential to improve other cardiovascular risk factors of 
the metabolic syndrome. Furthermore, a meta-analysis of nine studies on the DASH 
diet published by Shirani et al. in 2013 failed to demonstrate improvements in fast-
ing blood glucose or insulin resistance with the DASH diet, though improvement in 
fasting insulin concentration was seen, though this appeared to be strongly influ-
enced by one study calling in to question this conclusion [140].

The Mediterranean diet has been more recently popularized, and shares many 
features of the DASH diet including high consumption of fruits and vegetables but 
emphasizes increased consumption of monounsaturated and polyunsaturated fats via 
nuts, fish, legumes and olive oil; and the regular but moderate consumption of wine 
with meals. Enthusiasm for this diet was bolstered by an observational study involv-
ing 22,043 patients in Greece that demonstrated a lower risk of all-cause mortality, 
death from coronary artery disease, and death from cancer in patients with the high-
est dietary compliance to the traditional components of this diet [141]. The 
PREDIMED study was a later, randomized controlled trial of 7447 patients who 
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were randomized to receive either instruction on a low-fat diet, instruction on the 
Mediterranean diet with supplementation of 1 L of olive oil to be ingested per week, 
or instruction on the Mediterranean diet with supplementation of 30gm of mixed nuts 
per week (walnuts, hazelnuts, and almonds) [142]. In this trial, there was a significant 
reduction in cardiovascular events in both the olive oil group (HR 0.7; 95% CI 0.54–
0.92) and the nut groups (HR 0.72; 95% CI 0.54–0.96). However, a subsequent criti-
cism is that the control arm, despite instruction in low-fat diet, failed to achieve 
adequate fat intake reduction in practice and thus comparison of Mediterranean diet 
to a low-fat diet was limited in this model. In regard to blood pressure reduction with 
the Mediterranean diet, two sites in Spain who recruited into the PREDIMED trial 
also randomized patients into a prospective arm evaluating ambulatory blood pres-
sure response to the Mediterranean diet versus control at one year following random-
ization [143]. In this sub-study, the patients receiving the Mediterranean diet 
supplemented with olive oil saw a reduction in ambulatory blood pressure of 
2.3/1.2 mmHg; and those patients receiving the Mediterranean diet supplemented 
with nuts saw a reduction in ambulatory blood pressure of 2.6/1.2 compared to an 
increase of ambulatory blood pressure of 1.7/0.7 mmHg in the patients on the control 
diet. This study was small in overall size, however. A later sub-analysis of the 
PREDIMED data group revealed a modest improvement in diastolic, but not systolic 
blood pressure with both Mediterranean diet groups when compared to the control 
diet [144]. Finally, in a meta-analysis by Gay et  al., examining different dietary 
approaches and impact on hypertension, the authors examined four trials on the 
Mediterranean diet and noted a small but significant reduction in diastolic but not 
systolic blood pressure [145]. Diastolic pressure was reduced by 1.44 mmHg in this 
analysis with the Mediterranean diet. However, this compared poorly to the DASH 
diet, which had the greatest blood pressure reduction of all diets compared in this 
systematic review with an average reduction of 7.62/4.22 mmHg.

More recently, low carbohydrate and very low carbohydrate diets have gained in 
popularity. Concerns have persisted since the introduction of these diets as carbohy-
drates are generally replaced with either fat or protein. Given the earlier studies on 
low-fat diets and improvement in metabolic parameters, several have questioned 
whether these diets may confer increased cardiovascular risks over time, particularly 
if the fat substituted is in the form of saturated fats [146]. Additionally, as high pro-
tein intake has been associated with accelerated renal function decline in animal 
models, concern has also been expressed regarding the long-term effects on the kid-
ney with high protein diets [147, 148]. Somewhat surprisingly, however, early data 
on low carbohydrate diets suggest they may be superior to low-fat diets for weight 
loss as well as in improving cardiometabolic risk factors for many patients. In 2003, 
two initial and groundbreaking trials were published in the New England Journal of 
Medicine supporting the potential benefit of low carbohydrate over low-fat diets. In 
the first study by Samaha et al., 132 patients with high prevalence of metabolic syn-
drome or diabetes were randomized into a low carbohydrate diet versus a low-fat 
diet. The low carbohydrate group lost 3.9 kg more than the low-fat group, had a 
greater reduction in their serum triglycerides (−20% vs. −4%), and had greater 
improvement in insulin sensitivity [149]. In the second study by Foster et  al., 63 
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patients were randomized to a low carbohydrate versus a low protein diet. Similarly, 
in the short term, patients on the low carbohydrate diet lost more weight than in the 
low-fat group, though effect was less at 1 year. The low carbohydrate group also saw 
greater improvements in triglycerides and HDL cholesterol, though LDL and blood 
pressure was similar between the two groups [150]. Since that time, numerous reports 
have continued to demonstrate favorability of low carbohydrate diets in regard to 
weight loss and improvement in cardiometabolic risk factors [151–154].

In terms of blood pressure improvement with carbohydrate restriction, an analy-
sis of the DiOGenes study demonstrated an approximately 2.2 mmHg lower systolic 
blood pressure in the high protein group versus the control diet [155]. Similarly, in 
the OmniHeart study, replacement of carbohydrate with protein resulted in mean 
improvement in systolic blood pressure of 1.4 mmHg in normotensive patients, and 
by 3.5 mmHg in hypertensive subjects. In this same trial, replacement of carbohy-
drate with monounsaturated fat also lowered mean systolic blood pressure by 
1.3 mmHg in normotensive patients and 2.9 mmHg in hypertensives, thus arguing 
for benefit of carbohydrate restriction in obesity-hypertension [156]. Longer term 
cardiovascular outcomes with these diets, however, are still lacking, and very little 
information exists regarding long-term renal outcomes, though early data on short 
term renal effects is reassuring [147, 157].

15.3.2	 �Weight Loss: Pharmacotherapy

Several weight-loss inducing drugs are now available and are being increasingly 
used as adjunct therapy with lifestyle medication to promote weight loss. The cur-
rently available drugs include phentermine, phentermine in combination with topi-
ramate, orlistat, lorcaserin, bupropion, and liraglutide. These drugs exert effects 
through a variety of mechanisms: sympathetic activation, serotonin agonism, anti-
depression, and via GLP-1 agonism. The precise impact of each medication on 
patients with hypertension is less clear at this time, though a cause of concern given 
their mechanisms of action. Previously, sibutramine was withdrawn from the mar-
ket as a weight loss agent due to effects of increasing blood pressure and concern for 
exacerbating cardiovascular events. A recent, large systematic review was con-
ducted on the available pharmacologic agents and their effect on patients with 
hypertension. Orlistat, an intestinal fat absorption blocker, was found to have a ben-
efit in lowering blood pressure, with an average reduction of 2.5/1.9 mmHg. There 
was insufficient data, however, on the remaining weight loss inducing drugs for the 
authors to make conclusions regarding these drugs and blood pressure [158].

15.3.3	 �Weight Loss: Bariatric Surgery

Intentional weight loss through lifestyle modification with diet and exercise is rec-
ommended in all cases of obesity-hypertension. As noted, however, sustained 
weight loss through lifestyle modification alone is difficult in practice, and most 
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patients meet with long-term or failure or unsatisfactory magnitude of weight loss 
in their efforts. Increasingly, patients are opting for surgical weight loss via bariatric 
procedures. Bariatric surgery has been proven to be the most reliable and durable 
method for sustained weight loss in patients with obesity, with substantial improve-
ments and in many cases resolution of features of the metabolic syndrome [102, 
159]. Control of diabetes mellitus type II has been proven to have superior results 
following bariatric surgery versus intensive lifestyle modification alone, and these 
results appear to persist long term [160–162]. Though a significant improvement is 
seen in hypertension as well in the short term following bariatric surgery, significant 
concern has existed about the long-term durability of hypertension control after an 
initial report from the Swedish Obese Subjects (SOS) trial [163]. In this trial, 
approximately 2000 patients were randomized to intensive lifestyle modification or 
bariatric surgery involving either traditional Roux-en-Y gastric bypass, vertical 
banded gastroplasty, or adjustable gastric banding. The incidence of hypertension at 
2 and 10 years was not found to be different between the surgical group and the 
control group in the initial report; though the resolution of pre-existing hypertension 
in the study did favor surgery, suggesting an effect.

In 2012, however, the SOS data was reexamined by the authors due to an 
increased number of available 10 year follow-up data and to evaluate for a differ-
ence in the rates of hypertension control in patients who had a malabsorptive proce-
dure (byass) versus a gastric restrictive procedure (banding) [164]. The re-analysis 
was more favorable to surgery for long-term control of hypertension in patients 
undergoing gastric bypass, with an average reduction of 12.1/7.3 mmHg at 2 years, 
and 5.1/5.6 mmHg at 10 years. Gastric banding was found to have roughly half the 
reduction in blood pressure of gastric bypass at 2 years, but at 10 years there was no 
difference in hypertension compared to controls. Similar to other studies, gastric 
bypass in this analysis demonstrated superior weight loss to gastric banding.

Reassuringly, several large meta-analyses have been conducted demonstrating 
consistent benefits of bariatric surgery in regard to hypertension (Table  15.1). 
Though the range of follow-up in the available studies examined varies, the results 
of these analyses suggest that approximately 60–80% of patients will have some 
degree of improvement or resolution of hypertension following bariatric surgery 
[159, 165–169]. These analyses also suggest a lessened effect with restrictive sur-
geries, such as the laparoscopic adjustable band, when compared to the malabsorp-
tive surgeries or those involving gastric resection such as the Roux-en-Y gastric 
bypass, the duodenal switch, and the sleeve gastrectomy. In the first major meta-
analysis by Buchwald et al., the resolution of hypertension following gastric band-
ing was 38.4% versus 75.4% with traditional Roux-en-Y and 81.3% after 
biliopancreatic diversion [159]. Likewise, Courcoulus et al. reported remission of 
hypertension after three years in 38.2% of patients undergoing Roux-en-Y gastric 
bypass versus 17.4% of patients who had a laparoscopic adjustable gastric band 
placed [170]. As evidenced by these studies, it can be safely assumed that bariatric 
surgery does result in reduction of blood pressure, though this effect may lessen 
over time, and that procedures involving resection of the stomach or malabsorption 
produce roughly twice the effect of gastric banding procedures.
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Table 15.1  Summary of findings from major meta-analysis examining hypertension outcomes 
following bariatric surgery

Meta-analysis and 
date

# of 
studies 
evaluated

# of patients 
included in 
analysis

Type of surgery performed and 
impact on hypertension

Length of 
follow up

Sarkhosh 
et al.—2015

33 3997 LSG 12–48 months

 � –  58% resolution at 1  
    year

 � –  75% resolution or  
    improvement

Ricci et al.—2014 22 4160 RYGB, BPD, DS, LSG, LAGB, 
GB, VBG

24–65 months

 � –  48% reduction in risk  
    of hypertensiona

Wilhelm, Young 
Kale-
Pradhan—2014

57 52,151 RYGB, BPD, DS, LSG, LAGB, 
GB, VBG

1 week–7 years

 � –  50% overall resolution
 � –  Improvement in 63.7%a

Vest et al.—2012 73 19,543 RYGB, BPD, DS, LSG, LAGB, 
VBG

3–176 months

 � –  62.5% resolved or  
    improveda

Heneghan 
et al.—2011

52 16,867 RYGB, BPD, LAGB, LAGB, 
VBG

3–155 months

 � –  68% overall with  
    resolution or  
    improvement (all surgeries)

 � –  RYGB—60% resolution  
    or improvement

 � –  BPD—79% resolution or  
    improvement

 � –  VBG—81% resolution or  
    improvement

 � –  LAGB—58% resolution  
    or improvement

Buchwald 
et al.—2004

136 22,094 RYGB, BPD, DS, LAGB, VBG Follow-up 
length of 
studies 
unavailable

 � –  61.7% overall resolution;  
    78.5% improved (all  
    surgeries)

 � –  RYGB—67.5% resolved;  
    87.2% improved

 � –  BPD-DS—83.4%  
    resolved; 75.1% improved

 � –  LAGB—43.2% resolved;  
    70.8% improved

Study definitions vary for resolution and improvement. Abbreviations: BPD biliopancreatic 
diversion, DS duodenal switch, GB gastric banding, LAGB laparoscopic gastric banding, LSG lapa-
roscopic sleeve gastrectomy, RYGB Roux-en-Y gastric bypass, VBG vertical banded gastroplasty
Table reprinted with permission from Owen JG, Yazdi F, Reisin E.  American Journal of 
Hypertension 2017 [102]
aStudies did not breakdown outcomes by type of surgery performed
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As a result of the robust data on the ability of bariatric surgery to improve the 
cardiometabolic risk factors of obesity and improve weight loss, a joint clinical 
guidelines recommendation was made by the American Association of Clinical 
Endocrinologists, the Obesity Society, and the American Society for Metabolic and 
Bariatric surgery recommending a weight loss surgery for all patients with a Body 
Mass Index (BMI) greater than 40 kg/m2 regardless of comorbidities, for patients 
with a BMI of greater than 35 kg/m2 for patients with one or more obesity-related 
comorbidities, and for patients with a BMI of greater than 30 kg/m2 with diabetes 
mellitus type II [171].

15.3.4	 �Pharmacotherapy for Hypertension in Obesity

Pharmacotherapy for hypertension in obesity should be selected to achieve a blood 
pressure goal of at least less than 140/90  mmHg while targeting the underlying 
physiology of this condition and minimizing adverse side effects. The ideal drug or 
combination of drugs for this condition, however, has been a matter of some debate 
[34]. Thiazide type diuretics were recommended as first-line blood pressure agents 
in 2003 in the 7th Report of the Joint National Committee on Prevention, Detection, 
Evaluation and Management of high blood pressure (JNC 7) [172], and the use of 
these drugs has been considerable since that time. Significant concern, however, 
was expressed over this recommendation due to the known effect of thiazide type 
diuretics to worsen insulin resistance and fasting glucose levels, raise serum uric 
acid and triglyceride levels, and the potential for these agents to convert metabolic 
syndrome to overt diabetes [173–177]. The original JNC 7 recommendation was 
based on the land-mark Antihypertensive and Lipid Lowering to Treatment to 
Prevent Heart Attack Trial (ALLHAT), which demonstrated a reduced rate of con-
gestive heart failure with chlorthalidone as compared to Lisinopril or amlodipine for 
blood pressure, and a non-inferiority of chlorthalidone compared to these two drugs 
in regard to other cardiovascular events [178]. Earlier evidence from the multicenter 
TROPHY study, however, demonstrated superiority of Lisinopril to hydrochloro-
thiazide specifically in patients with obesity and hypertension in regard to both 
achievement of blood pressure targets as well as more favorable cardiometabolic 
profiles [179].

Since the initial JNC 7 report, numerous post hoc analyses of the ALLHAT data 
have shed some additional light on this controversy. In the first of these analyses, 
Barzilay et al. evaluated the development of diabetes in patients in the ALLHAT 
trial, and demonstrated a reduced odds ratio of the development of type 2 diabetes 
in patients taking Lisinopril or amlodipine when compared to chlorthalidone (0.55 
and 0.73, respectively) [180]. Similarly, Black et al. examined the development of 
diabetes in patients in ALLHAT sub-grouped to those with and without metabolic 
syndrome at study inception [181]. In this analysis, it was found that in patients with 
metabolic syndrome, the percent of patients who develop overt diabetes was 
increased with chlorthalidone when compared to Lisinopril, but not amlodipine 
(17.1% vs. 12.6% vs. 16%). In those patients without pre-existing metabolic 
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syndrome, however, diabetes developed in a greater number of patients taking 
chlorthalidone than either Lisinopril or amlodipine (7.7% vs. 4.7 vs. 4.2%, respec-
tively). However, despite the worrisome increased risks of diabetes with chlorthali-
done in these analyses, it is important to note that neither analysis found an increase 
of cardiovascular events, total mortality, or ESRD in the chlorthalidone group; and 
the study by Black et  al. confirmed the previously noted decrease in congestive 
heart failure with chlorthalidone when compared to amlodipine in these patients.

Though the lack of cardiovascular events in these analyses is reassuring, consid-
eration has been given as to whether the follow-up period was sufficiently long to 
see an effect of the worsening glycemic control with chlorthalidone. In an intrigu-
ing analysis from the ALLHAT Diabetes Extension Study, a 4 year post study fol-
low-up of 22,418 patients found that though patients with diabetes had a greater 
risk of developing coronary artery disease compared with nondiabetics, the risk 
was less in those patients assigned to chlorthalidone versus lisinopril (HR 1.18 vs. 
2.54; p = 0.04) [182]. This study seemed to suggest that patients who had chlortha-
lidone induced diabetes carried less risk than the other patients in the amlodipine 
and lisinopril groups, and thus it was suggested that diabetes that developed in the 
amlodipine and lisinopril groups might represent a true worsening of insulin resis-
tance and the metabolic syndrome, whereas some of the chlorthalidone induced 
diabetes may have simply been a result of decreased insulin secretion in response 
to hypokalemia induced by chlorthalidone, a finding that has been suggested in 
other studies [183, 184].

In a slightly different concept, Reisin et al. sought to examine if there were dif-
ferences in blood pressure control between the antihypertensive regimens of 
ALLHAT when the patients were stratified into normal weight (BMI <25 kg/m2), 
overweight (BMI 25–29.9 kg/m2), or obese (BMI >30 kg/m2) [185]. The results of 
this analysis showed that there were no significant differences in blood pressure 
control between the amlodipine, chlorthalidone, and lisinopril groups when patients 
were stratified per weight. Secondly, the choice of medication did not seem to have 
a major influence on the rate of cardiovascular events when patients were stratified 
by weight, and thus it was concluded that in obese subjects with hypertension, over-
all blood pressure control appears more important for risk reduction than use of any 
one single class of antihypertensive. Despite these above assurances, concerns still 
exist, especially in younger patients, in regard to worsening glycemic control with 
the use of chlorthalidone.

Given the significant role of the RAAS in the development of obesity-hypertension 
as outlined in the pathophysiology section, angiotensin-converting enzyme inhibi-
tors (ACE) and angiotensin receptor blockers (ARB) would seem to be the ideal 
antihypertensive agent for this condition.

Supporting a significant impact on the underlying pathophysiology of this dis-
ease, a sub-analysis of the Target to Treat study found significant improvements in 
HDL cholesterol levels, fasting blood glucose, serum triglycerides and waist cir-
cumference in patients treated with irbesartan or irbesartan in combination with 
hydrochlorothiazide [186]. These effects, and the diminishment of the negative 
effects of hydrochlorothiazide, were hypothesized to be the result of peroxisome 
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proliferator-receptor gamma (PPARγ) agonist activity of this drug. Both irbesartan 
and telmisartan have been found to have PPARγ agonist activity, arguing for a 
potential role of these two agents in obesity and the metabolic syndrome [187, 188]. 
Likewise, a separate study showed that valsartan in combination with hydrochloro-
thiazide also ameliorated the negative effects of the thiazide diuretic compared to 
hydrochlorothiazide alone [189].

A sub-analysis of diabetic patients enrolled in the Captopril Prevention Project 
found that patients treated with captopril versus a traditional approach using diuret-
ics and/or with the addition of beta-blockers found that the captopril group experi-
enced significantly lower risk of myocardial infarctions (RR = 0.34; P = 0.002) as 
well as total mortality (RR = 0.54; P = 0.034) [190]. This was notable as in the 
larger parent study no difference was found between the two groups, arguing that in 
subset of patients with diabetes and metabolic syndrome RAAS blockade may be 
superior to other drugs. However, it should be noted that beta-blockers, as we will 
discuss below, also have been implicated in worsening glycemic control and weight 
gain, and thus these results could argue that the additive negative metabolic effects 
of diuretics with beta-blockers account for the findings, rather than positive effects 
of ACE inhibition.

Traditional beta-blockers have been associated with exacerbating weight gain 
and worsening glycemic control, with an unacceptable rate of development of dia-
betes ranging from 15% to 28% in several major antihypertensive trials [191–193]. 
For this reason, beta-blockers have been eliminated as first-tier medications for 
hypertension in most antihypertensive guidelines unless a cardiac indication exits. 
We feel practitioners should be especially mindful of these effects in the obese 
population. A small amount of literature exists that suggests the “vasodilating beta-
blockers” carvedilol, labetalol, and nebivolol may have a more favorable or even 
positive metabolic effects, though this needs confirmation with larger trials [194–
200], and virtually no comparative outcome trials between vasodilating and tradi-
tional beta-blockers have been conducted. Nonetheless, if a beta-blocker is required 
as an add on antihypertensive in the case of resistant hypertension, we favor use of 
one from the vasodilating class for this reason.

Calcium channel blockers are generally well tolerated drugs and are metaboli-
cally neutral with regard to insulin resistance and lipid abnormalities [201]. For this 
reason, these drugs are favored over thiazide diuretics by many as a first-line agent 
for the treatment of obesity-hypertension, despite the previously mentioned 
ALLHAT trial failing to demonstrate superiority and suggesting lower heart failure 
risks with chlorthalidone.

The subsequent large, multicenter Avoiding Cardiovascular Events through 
Combination Therapy in Patients Living with Systolic Hypertension 
(ACCOMPLISH) trial, which compared a combination treatment of benazepril/
amlodipine to benazepril/hydrochlorothiazide, initially seemed to support this 
approach when the trial was stopped early due to the benazepril/amlodipine 
group showing a reduced rate of the primary endpoint of combined cardiovascu-
lar morbidity or mortality [202]. However, this result has received some criti-
cism as the trial used hydrochlorothiazide, rather than the more potent and 
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longer acting chlorthalidone, which was used in ALLHAT [203]. Furthermore, 
the overall differences between the groups, though statistically significant, were 
small and it was suggested this difference may not have been present with 
chlorthalidone due to its longer duration of action, more like that of amlodipine. 
Intriguingly, when a sub-analysis was performed of the ACCOMPLISH data 
stratifying the patients into normal weight, overweight, and obese categories, 
the amlodipine and hydrochlorothiazide groups no longer had significant differ-
ences, whereas the lower weight groups continued to favor amlodipine [204]. 
This was a surprising discovery as it contradicted a major hypothesis that the 
negative metabolic effects of thiazides would result in more negative cardiovas-
cular outcomes in obese subjects.

Nonetheless, given the easy tolerability of calcium channel blockers and their 
noted neutral metabolic effects, most of the recent hypertension guidelines recom-
mend initial therapy to consist of either a calcium channel blocker and/or an ACEi 
or ARB for the treatment of hypertension in patients with obesity and metabolic 
syndrome, with the choice of a thiazide diuretic as an alternative to calcium channel 
blocker if there is difficulty in tolerating that medication, or if a third agent as 
required [205–207]. Generally, we agree with this approach.

In conclusion, as patients with stage II hypertension (BP >160/100) will almost 
inevitably require at least two drugs to achieve hypertension control, we favor an 
ACEi or ARB plus calcium channel blocker combination as initial therapy, and 
agree the third medication added should be a thiazide diuretic, preferably chlortha-
lidone. We also feel that based upon existing available data, excessive fear of thia-
zide diuretics in this population is not necessary, and these drugs are a good 
alternative to use in combination with ACEi/ARBs in the rare setting of calcium 
channel blocker intolerance. Additionally, in cases of obesity-hypertension with 
stage 1 hypertension where monotherapy is adequate, we prefer to initiate treat-
ment with an ACEi or ARB given its effects on the underlying pathophysiology, 
though likewise this can be substituted for a calcium channel blocker or as a second 
choice a thiazide diuretic if the patient is intolerant to the either of these 
medications.

We feel strongly that the beta-blockers should be reserved for fourth tier pur-
poses, unless specific cardiac indications exit, and prefer to use a vasodilating beta-
blocker when required for the purposes of hypertension. All other drug classes 
should be considered only after these choices have been exhausted.

�Conclusion

During the last 40 years of research into Obesity-Hypertension and its impact on 
the cardiovascular and renal systems, we have witnessed an explosion of knowl-
edge in the field, which has paralleled the rise of the obesity epidemic. The 
pathophysiology of this condition is complex, and involves an ever increasingly 
recognized number of hormones, cytokines, gut-peptides and adipokines, which 
result in large systemic hemodynamic alterations. These alterations, if untreated, 
lead to cardiovascular disease, congestive heart failure, and progression of 
chronic kidney disease.
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Weight loss should be the cornerstone in management of this condition, with 
lifestyle modification the first approach in all cases. If patients are unsuccessful 
in this approach, as often occurs in practice, the underutilized option of bariatric 
surgery should be considered.

It is imperative, however, that antihypertensive therapy not be delayed while 
patients are attempting weight loss. We favor and agree with most current guidelines 
recommendations that first-line therapy should consist of an angiotensin receptor 
blocker or an angiotensin-converting enzyme inhibitor in combination with a cal-
cium channel blocker for patients with stage 2 hypertension. Though either drug can 
be used alone in stage 1 hypertension, we favor the use of ACE inhibitors or ARBs 
due to the ability of these drugs to target the underlying physiology. Likewise, thia-
zide diuretics appear safe in this condition, and can be substituted if the patient is 
intolerant to either of the other agents, and these agents make an ideal third drug 
addition if one is required.
We look forward to the next 40  years of research in the field of obesity and 

hypertension. Though the impact of this disease is growing, we are confident that 
new, targeted therapies that will improve outcomes are just around the corner.
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16Pre-chronic Kidney Disease (CKD)? Is It 
Time for a New Staging?

Alexander H. Kirsch and Alexander R. Rosenkranz

16.1	 �There is Prehypertension and Prediabetes:  
Do We Need Pre-CKD?

The worldwide prevalence of chronic kidney disease (CKD) is about 12% in the 
general population [1], and the cardiovascular morbidity and mortality increases 
dramatically with reduced renal function [2]. It is well known that, at least in 
Europe, 50% of patients reaching the advanced stage 5 of CKD (CKD G5) suffer 
from diabetes and/or hypertension [3]. Such patients usually have a long history of 
disease before they progress to end-stage renal disease. Hypertension as well as 
diabetes, both have pre-stages of the disease, which are called “prehypertension” or 
“prediabetes” [4]. In particular, previous definitions of hypertension were revised 
on the basis of the recognition that values below the defining thresholds for arterial 
hypertension were associated with higher risk for adverse outcomes [5].

Prediabetes is defined as impaired glucose tolerance or impaired fasting plasma 
glucose >100 and <126  mg/dL) [4], while prehypertension is defined as arterial 
blood pressure ranging between 130 and 139 mmHg systolic or 80–89 mmHg dia-
stolic [6]. Although these terms are somehow artificial because the risk associated 
with higher blood glucose levels and blood pressure increases continuously rather 
than at a certain stage, the questions remains: is it time for a comparable stage in 
nephrology for CKD, and what could be the possible definition and/or markers [7].

The risk for stroke or coronary artery disease increases continuously starting 
with a systolic blood pressure of more than 120 mmHg [8]. Even mildly elevated 
“pre-hypertonic” systolic blood pressure levels higher than 120  mmHg or 
diastolic levels of 85 mmHg in the adolescent phase are associated with higher 
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cardiovascular mortality later in life [9]. In addition, high-normal blood pressure 
is associated with increased risk of cardiovascular disease [5]. These findings 
emphasize the need to determine whether lowering high-normal blood pressure 
can reduce the risk of cardiovascular disease. Indeed, recent evidence points in 
the direction that untreated prehypertension leads to stage 1 hypertension, as 
shown in the TROPHY study, where the intervention could significantly reduce 
this transition [10].

Individuals with prediabetes are at high risk for the development of diabetes and, 
of course, for increased risk of cardiovascular disease [4]. Therefore, screening for 
prediabetes does make sense to flag patients for earlier intervention, which may 
slow or even prevent the progression to overt diabetes. Guidelines for diabetes 
screening already exist and have been updated recently [11]. For the general popula-
tion, screening should start at age 45, while high-risk individuals should be screened 
regardless of age. Interestingly, the American Diabetes Association recommends 
screening for albuminuria as well as measurement of serum creatinine including the 
calculation of an estimated glomerular filtration rate (eGFR) upon diagnosis of pre-
diabetes or diabetes and annually thereafter [12]. Before we introduce the term 
“pre-CKD”, we have to define the standards of screening for CKD, which are not 
absolutely clear. Also, when and how frequently to screen is unfortunately not 
strongly supported by evidence.

16.2	 �What Could Pre-CKD Be?

In 2009, Kidney Disease Improving Global Outcome (KDIGO) published clinical 
practice guidelines for the diagnosis, evaluation, prevention, and treatment of 
CKD-MBD (mineral and bone disorders) [13]. In this publication CKD is defined 
as an abnormality in renal structure or function which persists for more than three 
months and has implications for the affected individual’s health. One would have 
to define pre-CKD as abnormalities which are not detected by the currently 
employed classification system and screening tools employed in today’s clinical 
practice and which would predispose an individual to progression to CKD (which 
is without doubt of consequence to the subject’s health). The current staging sys-
tem considers eGFR, albuminuria, and other evidence of structural or functional 
abnormality, and in addition has nicely put the albuminuria in the center as an 
important risk factor for cardiovascular disease. In addition, a landmark study by 
Hemmelgarn and coworkers examined several adverse outcomes and demonstrated 
the independent contribution and importance of distinguishing GFR from albumin-
uria [14]. More importantly, screening for CKD, especially in the general popula-
tion, has not been accepted as a cost-effective tool as stated by the United States 
Prevention Services Task Force in 2012 [15]. A Dutch study by Van der Velde 
recently put the screening for albuminuria in the center of attention by showing 
that an urine albumin ratio >20 mg/g creatinine leads to the lowest numbers needed 
to screen to detect cardiovascular high-risk patients with decreasing eGFR [16]. 
And finally, the National Institute for Health and Care Excellence (NICE) suggest 
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screening for eGFR and albumin/creatinine ratio only in risk patients with diabe-
tes, hypertension, cardiovascular disease, or a positive family history of end-stage 
renal disease [17].

Based on the abovementioned staging for CKD, there would be no space for a 
stage called pre-CKD, or is pre-CKD somehow subsumed in the term CKD G1? On 
the other hand, we also have to be aware that renal function deteriorates with age to 
a certain degree in some patients [18]. Therefore, assessing pre-CKD solely based 
on a decreased eGFR would put large numbers of elderly people in a pre-CKD state, 
and would not take into account the “normal” ageing process. Although there are 
some patients with normal eGFR (or at least higher than 60 mL/min/1.73 m2) and 
albuminuria (it is well established that albuminuria is a cardiovascular risk factor), 
this definition would not be an exact one. There is good evidence that even lower 
levels than 30 mg/g creatinine (stage A1 of the CKD staging system) are associated 
with the development of adverse outcomes such as hypertension, cardiovascular 
disease, and death. Also, the universal cutoff of >30 mg/g creatinine may not be 
appropriate as some authors have suggested that ethnicity- and more importantly 
gender-specific cutoffs and reference ranges may be more appropriate [19]. Indeed, 
in the abovementioned study from Groeningen which evaluated more than 3300 
patients, a cutoff of >20  mg/g creatinine was used as definition of albuminuria 
showing higher GFR loss and higher cardiovascular risk in this cohort [16]. On the 
other hand, eGFR levels higher than normal GFR could be a possible indicator of a 
pre-state for developing CKD. It is well known that a possible precursor of develop-
ing albuminuria is the mechanism of hyperfiltration seen in patients with diabetes as 
well as obesity (reviewed in [20]). Still, both options (low albuminuria as well as 
hyperfiltration) do not fit in the current definition of CKD. In addition, we have the 
problem of measuring or estimating renal function. Especially when looking for 
hyperfiltration, we would need urine collections or direct clearance measurements 
(inulin, iothalamate, EDTA, or iohexol) which are considered the “gold standard” 
for measuring GFR.  However, they are impractical, expensive, time-consuming, 
and invasive in the clinical setting. For this reason, eGFR-formulas have been intro-
duced that take into account endogenous filtration markers such as serum creatinine 
and demographic factors. Creatinine generation is affected by age, sex, race, muscle 
mass, and body weight independently from GFR [21]. eGFR appears to be a more 
accurate estimate of GFR than serum creatinine alone [22]. However, these equa-
tions cannot account for individual differences in muscle mass for a given age, sex, 
or race, which may be considerable. Muscle wasting is especially common in CKD 
and the elderly and it is associated with lower creatinine generation therefore, pro-
viding a bias toward falsely high eGFR.

16.3	 �Biomarkers for Pre-CKD

Looking for a clear definition of pre-CKD, one would expect a biomarker to be the 
best option. In recent years, a number of biomarkers have been evaluated in CKD 
(the most promising ones listed in Table 16.1[23]), but so far they have not been 
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evaluated as a marker for pre-CKD. Monitoring those markers which could provide 
rapid, noninvasive, and specific detection of renal tissue pathologies could be used 
as a marker for pre-CKD. This could be similar to “supranormal” blood pressure or 
slightly elevated blood sugar levels as markers of prehypertension or prediabetes. 
Early identification of patients with pre-CKD would be important in order to per-
form early interventions and reduce progression to kidney failure or cardiovascular 
events.

In recent years, several researchers have promoted the use of cystatin C (CyC) 
for measuring renal function more accurately. CyC is a 13 kDa protein synthesized 
at a constant rate in all nucleated cells, and is freely filtered in the glomerulus and 
reabsorbed and catabolized completely in the proximal tubule with a lack of tubular 
secretion [24]. CyC is less affected by muscle mass than serum creatinine, and is 
considered to be a better marker of early kidney dysfunction and a more reliable 
marker of renal function [25]. Investigators from CKD-EPI developed a set of three 
eGFR equations for CyC and compared these equations to measured GFR: using 
CyC alone, CyC with demographic factors, and CyC with creatinine and demo-
graphic factors. The equation that included CyC, creatinine, and demographic coef-
ficients provided the most accurate eGFR [26]. Still, the problem remains that 
pre-CKD would not fit into a categorization based on the eGFR levels. Therefore,  
GFR-independent biomarkers, which still show renal damage or starting distur-
bances of renal function would be preferable.

Table 16.1  Based on a review by Wasung et al. [20]

Legend Source Physiological action
Plasma asymmetric 
dimethylarginine

ADMA Endothelial cells Impaired clearance or increased 
production

Fibroblast growth 
factor 23

FGF23 osteocytes

Monocyte 
chemoattractant  
protein -1

MCP-1 All nucleated cells, 
renal cells

Neutrophil gelatinase-
associated lipocalin

NGAL Leukocytes, loop of 
Henle and collecting 
ducts

Released from lysosomes, 
brush-border and cytoplasm of 
proximal tubular epithelial  cells

Urinary cystatin-C Cystatin C All nucleated cells
Liver-type fatty 
acid-binding protein

L-FABP Hepatocytes, kidney: 
proximal tubular cells

Connective tissue 
growth factor

CTGF All tissues Excessive production of 
profibrotic growth factors and 
extracellular matrix

Transforming growth 
factor—β1

TGF-β1 All tissues

Collagen IV COLIV Kidney, eye, skin
Plasma cystatin C Cystatin C All nucleated cells Impaired GFR
Podocalyxin PCX Podocytes Podocyte structure defect
Nephrin Nep Podocytes Integral component of the 

podocyte slit diaphragm; released 
by podocytes when damaged
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The role of neutrophil gelatinase-associated lipocalin (NGAL) has been evalu-
ated especially in the field of acute kidney injury. Unfortunately, despite high 
expectations in the beginning, NGAL has failed to fulfil most and recent evidence 
showed that NGAL is not a good biomarker to predict AKI [27]. NGAL is 
expressed by tubular epithelial cells in response to injury and tubulointerstitial 
damage that is a common pathway in progression of most forms of kidney disease 
[28]. NGAL has performed well as a biomarker in CKD (mostly concerning renal 
function) in small cohorts. In children, NGAL levels were inversely associated 
with the GFR; and as renal function was lower than 30 mL/min/1.73 m2, NGAL 
outperformed CyC as a biomarker for kidney function [29]. In adults urinary 
NGAL to creatinine ratio (uNCR) was associated with a higher risk for death and 
initiation of dialysis independent from renal and cardiovascular risk factors [30]. 
The authors concluded that measuring uNCR improves the prediction of renal 
disease progression in this population. In addition, plasma NGAL levels also pre-
dicted the progression of CKD in adults, even after adjustment for eGFR [31]. 
However, in this study the small sample size has to be taken into consideration. 
Still, a possible role in predicting early renal changes or CKD progression has not 
been sufficiently evaluated in those studies leaving us without a possible hint for 
defining a pre-CKD-stage.

To date, nephrologists are focusing on mineral and bone disorders associated 
with reduced renal function as extensively evaluated in the new KDIGO 2017 
Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and 
Treatment of CKD-MBD [32]. As renal function declines due to a decrease in the 
number of functioning nephrons, single nephron phosphate excretion has to increase 
to maintain serum phosphate levels within normal ranges. Ultimately, this compen-
satory mechanism falls short and serum phosphate levels begin to rise. Also, renal 
calcitriol production declines and as a result calcium tends to decrease. Fibroblast 
growth factor 23 (FGF23) is a 32-kDa protein secreted primarily by osteocytes that 
plays an important role in controlling serum phosphate concentration. It acts as an 
endocrine hormone by inhibiting parathyroid hormone secretion, decreasing levels 
of calcitriol, and by inducing phosphaturia [33]. Circulating levels of FGF23 
increase progressively as renal function declines below 60 mL/min/1.73 m2 [34]. A 
considerable amount of evidence has shown that an elevated level of FGF23 is an 
independent risk factor for adverse outcomes in CKD such as faster progression, 
higher incidence of cardiovascular disease, and increased mortality [35, 36].

Here we have to consider the possible interaction of phosphate levels as well as 
increased FGF23 in patients with normal renal function. Many studies show a sig-
nificant association between elevated serum phosphorus levels, poor clinical out-
come and vascular calcification. The Framingham Offspring study showed a steadily 
increasing association between phosphate levels and incidence of cardiovascular 
disease [37]. First of all, this study showed that even within normal serum phos-
phate ranges, there is an increasing risk for cardiovascular disease [37]. Secondly, 
this has been observed in adults with normal renal function [37]! This has been sup-
ported by the Atherosclerosis Risk in Community (ARIC) study including more 
than 15,000 persons, where the authors could show an association between serum 
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phosphate levels and stroke as well as serum phosphate levels and death [38]. 
Although the presented studies imply that phosphate even in normal range is a ther-
apeutic target, it is not clear how to manage phosphate metabolism in real life. And, 
most of all, it will be difficult to interpret the effect of phosphate lowering within the 
normal range of the lab value. Therefore, it would be of utmost importance to have 
a biomarker with a better “discrimination.” Could FGF23 be such a useful 
biomarker?

The landmark study of Gutierrez et al. in 2008 showed for the first time in dialy-
sis patients that FGF23 is a much better predictor of mortality at the initiation of 
dialysis than phosphorus [39]. For years, we nephrologists have followed the path 
set out by Block et al., who showed an association between phosphate levels and 
mortality—the higher the phosphate levels the higher the mortality [40]. The rela-
tive increase in risk was only 30%, still statistically significant, but compared to the 
newer data of FGF23  in the Gutierrez study nearly negligible. In addition, even 
lower serum phosphate levels (within the normal range and below), showed an asso-
ciation with mortality [40]. Going into the data of the Gutierrez study, we see an 
association between serum phosphorus levels and mortality as well, but this pales in 
comparison to the association between FGF23 and the mortality. The authors con-
cluded that FGF23 is a much better predictor for mortality, at least in the dialysis 
population at that time [39]. Those data have been supported by a post hoc analysis 
of the EVOLVE study. The EVOLVE study was planned to show a reduction of 
mortality in dialysis patients receiving the calcimimetic cinacalcet compared to 
standard care (in most cases active vitamin D), and the study failed to show its pri-
mary objective [41]. This came surprising, since earlier the ADVANCE study had 
shown that dialysis patients on cinacalcet had a significant reduction in cardiovas-
cular calcification [42]. And it is well known by the work of Gerard London that 
vascular calcification is the driving force behind mortality in the dialysis population 
[43]. A post hoc analysis of the EVOLVE study by Sharon Moe nicely revealed an 
important role of FGF23 as a marker of treatment success. Those patients who had 
a reduction in FGF23 by cinacalcet also showed a significant decrease of mortality 
[44]. So, one could conclude that FGF23 is on the one hand a good marker for car-
diovascular risk, and on the other hand a good marker to follow the treatment suc-
cess. Still, one has to admit that the studies described here have been undertaken in 
the dialysis population with terminal end-stage renal disease.

Even a study on the association between FGF23 levels and progression of kid-
ney disease, meaning loss of kidney function, showing that levels of FGF23 higher 
than 35 pg/mL were associated with a higher rate of decline in renal function, has 
been performed in advanced stages of kidney disease [45]. Still, we are not sure 
what to think about the use of this biomarker in patients (or more accurate “indi-
viduals”) with normal renal function. Eventually, FGF23 could be a link to higher 
cardiovascular mortality without reduction in renal function on the one hand, and 
on the other FGF23 could be an early marker of renal dysfunction and then set the 
stage for “Pre-CKD”.

Once again the group of Gutierrez has set the stage for such speculations: The 
group showed an association between FGF23 levels and cardiac hypertrophy in 
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patients with reduced renal function, a finding which was surprising at that time 
[46]. Recently, this was clarified by the findings of Grabner et al. [47]. They revealed 
that the fibroblast growth factor receptor 4 (FGFR4) on myocardial cells mediates 
the pro-hypertrophic cardiac effects of FGF23 (mostly elevated in patients with 
CKD, but probably also in early renal dysfunction). Activation of FGFR4/calcineu-
rin/NFAT signaling is sufficient to induce cardiac hypertrophy in mice, while 
FGFR4 blockade attenuates cardiac hypertrophy in a rat model of CKD [47]. Still, 
these are only data in CKD patients. But several recent studies extend the findings 
in those patients to individuals with a renal function that would not be diagnosed as 
CKD in today’s clinical practice. A community-based study in elderly persons 
(Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study) 
with normal renal function (mean eGFR approximately 80 mL/min/1.73 m2) showed 
an association between serum FGF23 and total body atherosclerosis [48]. This 
comes hand in hand with findings from a cohort of patients with mild renal disease, 
showing that patients with stage CKD G1 (eGFR >90 mL/min/1.73 m2) have ele-
vated levels of FGF23 [49]. This allows for speculation that these could be patients 
with early renal injury. FGF23, therefore, could not only be a marker for individuals 
with renal dysfunction, but also for those with elevated risk for cardiovascular com-
plications. This has been nicely shown in a recent study of patients with eGFR 
between 70 and 80 mL/min/1.73 m2 [50]: the incidence of mortality as well as car-
diovascular events correlated with higher levels of FGF23 [50].

�Conclusion

Taken together, the field has been opened and prepared to further evaluate the 
role of FGF23 as a biomarker of pre-CKD. Current evidence supports further 
evaluation in larger cohorts or community-based studies to be initiated. We could 
have a strong tool in our hands not only to identify persons at risk for cardiovas-
cular events as well as renal dysfunction, but also to more accurately direct thera-
peutic interventions. Our increasing understanding of the role of FGF23, not 
only as a phosphatonin, but also as a mediator of cardiovascular risk should 
stimulate further research on the role of FGF23 as well as the potential therapeu-
tic implications of this hormone.
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17.1	 �Introduction

The concept of prehypertension has been developed in late 1930s following a series 
of studies showing a progressive increase of premature death from cardiovascular 
disease (CVD) in persons with blood pressure (BP) between 120 and 140 mmHg [1].

More than 60 years later, in 2003, prehypertension, been defined as 120–139 mmHg 
for systolic blood pressure (SBP) and/or 80–89 mmHg for diastolic blood pressure 
(DBP), entered the American hypertension guidelines, because of longitudinal data 
obtained from Framingham Heart Study, that indicated that this range of values was 
associated with a more than twofold increase in relative risk for CVD compared with 
those with BP levels below 120/80 mmHg [2]. This designation was intended to iden-
tify those individuals in whom early intervention by adoption of healthy lifestyle 
could reduce BP, decrease the rate of progression of BP to hypertensive levels with 
age and finally prevent hypertension [3].

In this context, it remained essential to understand and study prehypertension. 
Over 60% of incident CVD events occurred in participants with SBP/DBP 
<140/90 mmHg. This represented a fundamental shift from previous decades when 
the majority of incident CVD events occurred among US adults with SBP/DBP 
>140/90 mmHg [4]. The finding that the majority of incident CVD events in the 
modern era occurred in participants with SBP/DBP <140/90 mmHg represented a 
change from studies conducted in prior eras. These data highlighted the need for 
primordial prevention of hypertension, earlier detection and treatment of hyperten-
sion, and additional CVD risk reduction strategies for adults with hypertension once 
BP control has been achieved [3, 4].
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Since then, many authors studied the physiopathology of prehypertension, 
investigated its etiology, and designed protocols to highlight the need of treatments 
for prehypertensive patients. In this chapter, we will focus on vascular and/or renal 
impairment in prehypertension: its physiopathology, its role in prehypertension, the 
method of its diagnosis, treatment, and the importance of prevention.

17.2	 �Physiopathology-Role of Salt

It has been shown that hereditary and environmental factors were related to the 
development of hypertension. Among all environmental factors, salt intake has 
attracted great attention. The character of reversibility has also been discussed. In 
the Diabetes Control and Complications Trial of type 1 diabetes mellitus, the group 
that originally received intensive therapy had lower incidence of cardiovascular dis-
ease compared with conventional control, although the hemoglobin A1c levels in 
the two groups had converged. The authors proposed the concept of metabolic 
memory to illustrate this phenomenon [5]. Some authors have suggested that tran-
sient high-salt diet on weanling Dahl salt-sensitive rats (DS rats) for 6 weeks was 
capable of inducing permanent hypertension [6]. Therefore, the effects of tempo-
rary exposure to a high-salt diet on the development of hypertension and whether or 
not salt memory exists was examined in a complete study [7]. In this article, Oguchi 
and colleagues experimented law-salt, normal-salt, high-sodium/normal-chloride 
diet in DS rats on blood pressure and urine protein excretion. Moreover, they trans-
planted kidneys from DS rats to spontaneously hypertensive rats (SHR) fed with 
high-sodium diet and conversely for the kidneys and the diet. In this study, they 
showed that transient high-salt intake during early phases in the development of 
hypertension induced sustained elevation of BP in hypertensive model rats. This 
phenomenon was named salt memory. Jax [5] proposed that microvascular changes 
mediated by hyperglycemia could play an important role in the development of 
metabolic memory observed in the Diabetes Control and Complications Trials in 
diabetes mellitus, so that the change in renal microvasculature through increase in 
BP at a certain important period could play a major role, resulting in the occurrence 
of the salt memory. No major differences were found in other arterioles of similar 
size than the renal arterioles, which underscored the importance of the kidney arte-
rioles in the vascular response to high-salt treatments. One potential mechanism by 
which a high-salt diet in the presence of high Angiotensin II levels caused renal 
vascular injury could involve an increase in oxidative stress [8]. It was reported that 
intrarenal angiotensinogen was enhanced in DS rats on high-salt diet [9] and that an 
augmented intrarenal renin–angiotensin system (RAS) during high-salt diet might 
contribute to the development of renal injury in SHR [10]. Another report demon-
strated that renal angiotensin II played an important role in causing renal cortical 
damage and decreased in renal hemodynamics independent of BP elevation [11]. It 
meant that renal RAS activation induced by a high-salt diet could cause renal vas-
cular injury independently of BP elevation. Finally, Oguchi also tested whether the 
location of salt memory was in the kidneys by performing cross transplantation. It 
allowed to establish that salt memory was mainly localized in the kidney [7].
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17.3	 �Diagnosis and Interactions

To track prehypertension, measuring blood pressure could be enough. But, it’s still 
not recommended to treat. Nevertheless, some authors proposed to specify other 
comorbidities when prehypertension is discovered. Indeed, in prehypertension, SBP 
was associated with microalbuminuria. In the evaluation of increased blood pres-
sures, microalbuminuria should be investigated even in prehypertensive stages. 
According to some authors, subjects with increased blood pressures should get 
medical treatment to prevent the effects on vascular structure even in prehyperten-
sive stage [12]. Wang et al. studied the association of glycemic status with MA in 
prehypertensive and ideal BP subjects and to evaluate the interaction between gly-
cemic and blood pressure status as risk factors for MA prevalence [13]. More than 
1000 subjects aged 40–70 without hypertension who were recruited from six dis-
tricts of Tianjin were divided into prehypertensive group (622 cases) and optimal 
BP (437 cases). Subjects of prehypertensive group and optimal BP group were 
divided respectively into three subgroups: normoglycemia subgroup, prediabetes 
subgroup, and diabetes subgroup. The prevalence of MA in the above three sub-
groups of subjects with prehypertension and optimal BP were assessed. The differ-
ences in prehypertensive group were statistically significant. There was no 
interaction between prediabetes and BP status regarding microalbuminuria. In pre-
hypertensive group, multivariate logistic regression models showed that the diabe-
tes subgroup had a significant association with microalbuminuria. However, there 
was no significant association of glycemic status with MA in optimal BP group. 
Those findings suggested that there was a statistically significant association 
between diabetes and microalbuminuria only in prehypertensive subjects. In addi-
tion, this study highlighted the interaction between prehypertension and diabetes as 
a risk factor for MA.

Other parameters could help to evaluate the level of cardiovascular risk in prehy-
pertensive patients. Jia and colleagues highlighted that coronary computed tomog-
raphy could provide multiple aortic elasticity related indices for prehypertensive 
patients, without additional contrast media consumption and radiation dose. It was 
hypothesized that the early detection of ascending aortic elasticity index changes, 
especially for aortic distensibility, were essential for identifying the high-risk indi-
viduals in the prehypertensive populations [14].

17.4	 �Pathophysiologic Changes Associated 
with Prehypertension

Many studies confirm the considerable vascular and renal risks in the prehyperten-
sive blood pressure range, namely a significant increase in the risks of cardiovascu-
lar mortality and all-cause mortality [15]. It is clear that prehypertension is 
characterized by greater thrombotic tendency, namely increased plasma levels of 
fibrinogen, thrombomodulin, and plasminogen activator inhibitor-1 antigen [16]. 
Chronic elevations in blood pressure in the prehypertensive range are atherogenic, 
contributing to widespread vascular and structural damage to all organs and tissues, 
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particularly the heart, brain, and kidneys. Increased carotid intima-media thickness, 
coronary artery calcification, abnormal left ventricular morphology and diastolic 
dysfunction, reduced large-artery elasticity, aortic stiffening and vascular endothe-
lial dysfunction are some of the major abnormalities that commence and progress in 
the prehypertensive stage [17].

At the renal level, several studies and large meta-analysis have demonstrated that 
prehypertension is associated with a statistically significant increased risk of chronic 
kidney disease, namely end-stage renal disease, after controlling for several cardio-
vascular risk factors. The association is independent of age, sex, and other risk fac-
tors, such as diabetes, body mass index, and smoking [18–20].

17.5	 �Interventional Studies

17.5.1	 �Animal Models

Some studies have shown in animals that the transient treatment of stroke-prone 
spontaneously hypertensive rats or Dahl salt-sensitive rats (DS rats) during an early 
phase in the development of hypertension with angiotensin receptor blocker (ARB) 
resulted in attenuation of hypertension [21, 22] and found that development of renal 
arteriolar injury was also suppressed in these models. It was also shown that transient 
administration of angiotensin II (Ang II) caused renal vascular injury and renin–
angiotensin system (RAS) activation, resulting in sustained hypertension after cessa-
tion of Ang II treatment in spontaneously hypertensive rat (SHR) [21, 22].

17.5.2	 �Human Studies

Abnormalities in cardiovascular structure and function and in neuroendocrine con-
trol occurred in young adults with a predisposition to hypertension. In rats with 
spontaneous hypertension, brief treatment of young animals with a renin–angioten-
sin antagonist has lifelong effects in reducing blood pressure. Therefore, one can 
hypothesize that an intervention in humans with prehypertension might alter the 
natural history and prevent or delay the onset of established hypertension [3].

Non-pharmacological interventions have been experimented in prehypertensive 
patients with favorable results, in term of delaying a future diagnosis of hyperten-
sion. Then, since the JNC VI, in 1997 [23], current guidelines recommend that pre-
hypertension be managed with changes in the participant’s lifestyle, weight loss, 
salt restriction, exercise, and dietary modifications [24–28]. Despite intensive com-
munity efforts to promote healthful lifestyles, however, the prevalence of prehyper-
tension continues to increase, stressing the opportunity of a pharmacological 
treatment in patients with prehypertension. Indeed, several points are in favor of an 
earlier pharmacological treatment in prehypertension : (i) blood pressure remains a 
strong predictor of cardiovascular events after adjustment for other risk factors, sug-
gesting that lowering blood pressure might be beneficial ; (ii) hypertension is a self-
accelerating condition. The transition from prehypertension to established 
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hypertension reflects, in part, ongoing changes such as arteriolar hypertrophy [29] 
and endothelial dysfunction [30]. Third, increased vasoconstriction and diminished 
vasodilatation, consistent with these structural and functional findings, have been 
described in prehypertension [31].

The first trial came from the TROPHY study [32]. The Trial of Preventing 
Hypertension (TROPHY) was an investigator-initiated study to examine whether 
early treatment of prehypertension, defined for this study as systolic pressure of 
130–139 mmHg and diastolic pressure of 89 mmHg or lower and systolic pressure 
of 139 mmHg or lower and diastolic pressure of 85–89 mmHg, might prevent or 
delay the development of subsequent incident hypertension. The TROPHY study 
seeks only the proof of principle that early pharmacological treatment of prehyper-
tension might delay or prevent development of clinical (stage 1) hypertension [32]. 
The TROPHY study assessed the safety, tolerability, and efficacy of two years of 
treatment in participants with prehypertension. This four-year, multicenter, random-
ized study involved untreated participants 30–65 years of age with blood pressure 
on study entry in the high-normal range. Participants were eligible for the trial if 
they were not being treated for hypertension, if at the first clinic visit the blood pres-
sure was lower than 160/100 mmHg, and if the average of the three blood pressure 
readings at the three visits was a systolic pressure of 130–139 mmHg and a diastolic 
pressure of 89 mmHg or lower or a systolic pressure of 139 mmHg or lower and a 
diastolic pressure of 85–89 mmHg. The study consisted of a two-year, double-blind, 
placebo-controlled phase that was followed by a two-year phase in which all study 
patients received placebo. The main study end point was the development of clinical 
hypertension. Eight hundred and nine participants (409 assigned to candesartan and 
400 assigned to placebo) were eligible for enrollment. Data on 772 participants 
(391  in the candesartan group and 381  in the placebo group) were available for 
further analysis. New onset of hypertension was significantly reduced in the cande-
sartan group at 2 years (P < 0.001) and 4 years (P < 0.001). The absolute reduction 
in the incidence of new-onset hypertension at 2 years with candesartan was 26.8%, 
as compared with 8% with the most successful lifestyle intervention in the Trials of 
Hypertension Prevention [33]. Indeed, authors were clear about untreated prehyper-
tension. It was a self-accelerating condition. Evolving arteriolar hypertrophy and 
endothelial dysfunction facilitated the later increase of blood pressure and contrib-
uted to the transition from prehypertension to established hypertension. Treatment 
of prehypertension with candesartan monotherapy decreased incident hypertension 
in participants in this study. This therapy decreased the development of hyperten-
sion and the proportion of patients who became hypertensive.

Another trial, the PHARAO study, demonstrated that ramipril, an ACE inhibitor, 
given to prehypertensives, reduced the risk of hypertension by 34%, compared to 
those not taking an antihypertensive drug. However, there was no difference in CV 
events (stroke or myocardial infarction) [34].

Moreover, the role of therapy in persons at intermediate risk (defined as an 
annual risk of major cardiovascular events of approximately 1%) who do not have 
vascular disease and who have a systolic blood pressure of less than 160 mmHg 
(who represent the majority of middle-aged and older persons) remains less clear. 
This was evaluated in the Heart Outcomes Prevention Evaluation (HOPE)-3 trial 
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[35]. The trial evaluated blood-pressure-lowering therapy with a fixed-dose combi-
nation of an angiotensin receptor blocker (ARB) and a thiazide diuretic, cholesterol-
lowering therapy with a statin, and the combination of both interventions in persons 
at intermediate cardiovascular risk. The trial included men 55 years of age or older 
and women 65 years of age or older who had at least one of the following cardiovas-
cular risk factors: elevated waist-to-hip ratio, history of low concentration of high-
density lipoprotein cholesterol, current or recent tobacco use, dysglycemia, family 
history of premature coronary disease, and mild renal dysfunction and women 
60 years of age or older who had at least two such risk factors. Participants were 
randomly assigned to the daily administration of either a fixed-dose combination of 
candesartan at a dose of 16 mg and hydrochlorothiazide at a dose of 12.5 mg or 
placebo; participants were also randomly assigned to receive either rosuvastatin at a 
dose of 10 mg or placebo. The prespecified primary efficacy outcome was the com-
posite of death from cardiovascular causes, nonfatal myocardial infarction, or non-
fatal stroke. From April 2007 through November 2010, 12,705 participants (86.5%) 
underwent randomization; 6356 participants were randomly assigned to candesar-
tan plus hydrochlorothiazide, and 6349 to placebo. At baseline, the mean blood 
pressure decreases from baseline during the trial were 10.0 ± 13.1 mmHg in the 
active-treatment group and 4.0 ± 12.9 mmHg in the placebo group, and the average 
difference between the groups was 6.0 ± 13.0 mmHg. Concerning diastolic BP, the 
mean decreases from baseline during the trial were 5.7 ± 8.2 mmHg in the active-
treatment group and 2.7 ± 7.9mmHg in the placebo group and the average differ-
ence between the groups was 3.0 ± 8.0 mmHg. There were no significant differences 
between the active-treatment group and the placebo group in the incidence of the 
primary outcome. Then, they divided the participants who received the treatment in 
three groups, according to the baseline BP value. Only participants in the subgroup 
for the upper third of systolic blood pressure (>143.5  mmHg; mean, 
154.1 ± 8.9 mmHg) who were in the active-treatment group had nominally signifi-
cantly lower rates than those in the placebo group with respect to the primary out-
come (hazard ratio, 0.73; 95% CI: 0.56–0.94) showing that this trial did not show 
any cardiovascular benefit of treating normotensive and prehypertensive subjects 
with a combination of two antihypertensive drugs. Only patients with hypertension 
at inclusion decreased their cardiovascular risk.

Finally, it seems reasonable to conclude that data coming from therapeutic trials 
are not convincing enough to largely propose a pharmacological treatment in 
patients with prehypertension.

17.6	 �Prehypertension at the Population Level

The problem of prehypertension, such as the problem of hypertension, is quite het-
erogeneous in different countries according to their economic status. In this respect, 
it is interesting to analyze the results of the PURE study. The overall Prospective 
Urban Rural Epidemiology (PURE) study was a prospective, standardized collab-
orative study in which they reported a cross-sectional analysis of baseline data to 
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assess the prevalence, awareness, treatment, and control of hypertension by the eco-
nomic status of countries and by sex, age group, location (urban vs. rural), and 
education of the participants. In the PURE study, the overall aim was to examine the 
relationship of societal influences on lifestyle behaviors, cardiovascular risk factors, 
and incidence and mortality of chronic diseases [36].The PURE study enumerated 
382,341 individuals from 107,599 households in 628 communities (348 urban and 
280 rural) in 17 countries on 5 continents from January 2003 to December 2009. 
This study found a large gap between both detection and control of hypertension 
across all countries studied. It showed that while initial therapy was started in the 
large majority of individuals who were detected to have hypertension, control in 
participants receiving treatment was very poor. Awareness, treatment, and control 
were lower in participants with primary or no education, most likely reflecting a 
combination of low socioeconomic status, which might influence access to care, 
lack of knowledge of the sequelae of uncontrolled hypertension, and differing val-
ues with respect to the importance of the future. This important fact, recorded in a 
very large panel of population could urge us to develop strategies and treatment 
before having sustained hypertension. So, we understood the role of salt intake, and 
salt memory so that we indicated the importance of avoiding excess salt intake and 
undergoing an appropriate antihypertensive treatment intervention at the early stage 
of the development of hypertension [4–6].

�Conclusion
Prehypertension, a frequent condition at the population level, is undoubtedly ath-
erogenic, contributing to widespread vascular and structural damage to all organs 
and tissues, particularly the blood vessels, heart, brain and kidneys. Increased 
carotid intima-media thickness, coronary artery calcification, abnormal left ven-
tricular morphology and diastolic dysfunction, reduced large-artery elasticity, 
aortic stiffening and vascular endothelial dysfunction are some of the major 
abnormalities that commence and progress in the prehypertensive stage. 
Prehypertensive patients have a significant increase in the risks of cardiovascular 
mortality and all-cause mortality.

In thsis respect, prehypertension is a major health challenge that requires more 
attention. The first-line treatment for prehypertensives should be based on adap-
tion of a healthy lifestyle, especially if there are other associated CV or renal risk 
factors, with special emphasis on salt restriction. More research is needed to clar-
ify the place of pharmacological treatments in patients with prehypertension.
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18Subclinical Vascular Damage 
in Prehypertension

Enrico Agabiti-Rosei, Anna Paini, and Massimo Salvetti

18.1	 �Introduction

Epidemiological data clearly indicate that the association between blood pressure 
(BP) and cardiovascular events is continuous [1], with a relation that is consistent 
in both men and women, among different racial groups, in young and elderly peo-
ple and therefore the distinction between normotension and hypertension is arbi-
trary. However in everyday practice, cut-off BP values are universally used [2]. The 
term prehypertension was proposed in 1939 on the basis of early studies that had 
demonstrated a relationship between blood pressure values recorded during physi-
cal examination for life insurance purposes and subsequent fatal and nonfatal 
events. In 2003, the JNC7 (Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure) [3] 
classified subjects with systolic blood pressure (SBP) between 120 and 139 mmHg 
with diastolic blood pressure (DBP) <90 mmHg or DBP between 80 and 89 mmHg 
with SBP <140 mmHg not taking antihypertensive drugs as having prehyperten-
sion. Similarly, European Hypertension Guidelines define “high-normal BP” (HN 
BP), as a SBP between 130 and 139 and/or a DBP between 85 and 89 mmHg. 
Despite the differences in cut-off values, studies have shown that both conditions 
are associated with a greater risk of developing hypertension, with a greater preva-
lence of organ damage, and with an increased risk of developing end stage renal 
disease and cardiovascular events [4, 5].

Because little is known on the progression of organ damage during follow-up in 
patients with high-normal BP we considered it to be worthwhile to assess the preva-
lence of HN BP and of associated cardiovascular target organ damage (TOD) in 420 
subjects (age 50 ± 8 years, 46% males) from a general population sample living in 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75310-2_18&domain=pdf
mailto:enrico.agabitirosei@unibs.it


252

a small town in Northern Italy and who were participating in a prospective epide-
miological study aimed at measuring the association between CV risk factors and 
TOD (Vobarno study). Normotension was defined as a SBP/DBP <130/85 mmHg, 
HN BP was defined as SBP/DBP ≥130/85 and <140/90 mmHg and hypertension 
(HT) as SBP/DBP ≥140/90 mmHg. A follow-up (FU) visit, laboratory examina-
tions, echocardiography and carotid intima-media thickness (IMT) measurement 
were performed after 9 years.

18.2	 �Baseline

At baseline 34% of subjects were normotensives, 36% were hypertensives and 30% 
(n = 126) of subjects were classified as HN. As compared to NT, subjects with HN 
BP were older, were more often male, and had a greater body mass index. 
Furthermore, as compared to NT subjects, those with HN BP had greater plasma 
glucose values, creatinine and uric acid levels (all p  <  0.05). The prevalence of 
metabolic syndrome was 3.5% in NT, 29.4% in HN and 34% in HT (p < 0.05 vs. NT 
for both HT and HN; p = ns for the comparison between HN and HT) (Fig. 18.1). 
Left ventricular mass index (LVMI, expressed in gm/m2 [7]) and relative wall thick-
ness (RWT) progressively increased form NT to HN to HT and, in particular, LVMI 
and RWT were significantly greater in HN as compared to NT (ANOVA p, with 
Bonferroni correction, <0.05) (Fig.  18.2). Carotid IMT (both meanmax and 
CBMMax) were greater in HT as compared to NT and HN (all p < 0.05). No signifi-
cant difference in IMT was observed between HN and NT.
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18.3	 �Follow-Up

A second visit was performed after a FU of 8.6 ± 2.2 years. Among subjects clas-
sified as NT at baseline, 34% had progressed to HT, 23% had HN BP, while 43% 
had normal BP (Fig. 18.3). Among those classified as HT at baseline, most (84%) 
were classified as hypertensive at FU visit, 11% had HN BP and 5% were 
NT. Interestingly, among the 126 subjects classified as HN at baseline, at follow-up 
visit 71% had progressed to HT, 18% had HN BP and only 11% had BP values 
within the normal range.

When cardiac organ damage was analysed at FU, subjects classified as having 
HN BP at baseline had a LVMI that was significantly greater than those classified as 
NT at baseline (Fig. 18.4). Similarly, in patients classified as HN at baseline, rela-
tive wall thickness at FU was greater than in NT (p < 0.05), indicating the develop-
ment of a more concentric geometry in these subjects. The E/A ratio of transmitral 
flow was lower and the isovolumic relaxation time was significantly greater in 
patients classified at baseline as HN BP as compared to NT; also left atrial dimen-
sions were greater in these patients than in NT, thus indicating a tendency to an 
earlier development of diastolic dysfunction in this group.

Also vascular damage was more prominent in subjects classified as having HN 
BP at baseline. In particular, both Meanmax and CBMMax IMT were significantly 
greater in subjects who had HN BP at baseline as compared to those classified as 
NT.  The greatest values were observed in patients classified as hypertensives at 
baseline (p at least <0.05 for all comparisons) (Fig. 18.5).

When changes over time in measures of TOD during the nine-year follow-up 
period were analysed, in subjects classified as HN BP at the baseline visit the pro-
gression of IMT was progressively greater from patients classified as NT, as HN BP 
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and as HT at baseline (p for trend <0.01). A similar trend was also observed for left 
ventricular mass index, but the finding did not reach statistical difference. When 
limiting the analysis to untreated patients (n = 295), the results remained substan-
tially unchanged for IMT, and were statistically significant (p < 0.05) also for the 
change of LVMI over time (Fig. 18.6).
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�Conclusion
Our findings indicate that a significant proportion (30%) of apparently healthy 
subjects from an unselected sample of a general population in Northern Italy 
have HN BP, and that this group of subjects have higher BMI, and a worst car-
diovascular risk profile as compared to normotensives (higher plasma glucose, 
creatinine and uric acid) and that about one third of them have metabolic syn-
drome. Furthermore, our results confirm that these subjects frequently progress 
to hypertension: in fact, among the 126 subjects classified as HN at baseline, 
71% had progressed to HT after about 9 years, and only 11% had BP values 
within the normal range. Finally, our results indicate that progression of organ 
damage is more rapid in patients with high-normal blood pressure, with an 
increase in carotid intima-media thickness and in left ventricular mass index 
which is intermediate between that observed in normotensives and in hyperten-
sives. Our findings may contribute to explain [6–8] the increase in the risk of 
cardiovascular events observed in subjects with high-normal blood pressure and 
prehypertension.
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19Systolic Hypertension in Youth

James D. H. Goodman, Ian B. Wilkinson, 
and Carmel M. McEniery

19.1	 �Introduction

Isolated systolic hypertension (ISH) represents one of several different sub-forms of 
hypertension. It is the most common form of hypertension in the elderly and associ-
ated with increased large artery stiffness. However, ISH is also frequently found in 
young adults, especially males. According to the European Society of Hypertension 
(ESH) guidelines, ISH in youth [1] (0–15 years) is defined as SBP ≥95th and DBP 
<90th percentile for age, sex and height. In those aged 16 and over, ISH is defined 
as SBP ≥140 mmHg and DBP <90 mmHg [2].

The cardiovascular risks associated with hypertension in adulthood are widely 
recognised and accepted. This contrasts with the ongoing debate concerning the 
importance of ISH in young individuals, where questions remain over whether ISH 
represents artefactual or ‘spurious’ hypertension, a precursor to hypertension or a 
true hypertensive state with increased cardiovascular risk [3–6]. In addition, pro-
spective longitudinal trials of ISH in youth are lacking, which has caused uncer-
tainty regarding the clinical significance of the condition and whether 
pharmacological treatment is necessary. In part, the obesity epidemic in young 
adults and changes in nutrition and lifestyle habits have further contributed to the 
increased prevalence of ISH in youth, and hence there is added importance regard-
ing stratifying risk for these patients and their subsequent management.

This chapter provides an overview of the current understanding of ISH in youth, 
concentrating on the epidemiology, pathophysiological mechanisms, association 
with outcomes and treatment considerations.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75310-2_19&domain=pdf
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19.2	 �Prevalence of ISH in Youth

Many observational studies now demonstrate that ISH is the most common form of 
hypertension in adolescents and young adults, especially in males. Staessen et al. [7] 
was one of the first investigators to identify the U-shaped association between ISH 
prevalence and age, with a 2–8% frequency of ISH in those aged around 30 years, 
0.1–0.8% in those aged 40–50, and over 12.6% in those aged over 70. In another 
study, Sorof [8] examined 2460 school children aged 12–16 years and found 17% of 
these to be hypertensive, of whom 88% (363/413) were found to have ISH. Mahmud 
and Feely [9] subsequently examined 174 medical students, confirming ISH in 11, 
although the authors referred to these individuals as having ‘spurious’ systolic hyper-
tension (see section below). Along with Sorof, they reported that the number of BP 
measurements at the time of establishing the formal diagnosis of ISH affects its fre-
quency. Mahmud and Feely stated that repeat BP measurements at intervals of 1 min 
after 5 min of rest reduced the ISH rate in young adults from 12.6% to 8.5% [8, 9]. 
In addition, recent data has shown that young adults (18–39 years) with ISH had the 
slowest rates of receiving an initial diagnosis (of ISH), or starting antihypertensive 
medication, compared to those with isolated diastolic hypertension (IDH) or systolic 
diastolic hypertension (SDH) [10]. However, this could also reflect previously pub-
lished data showing coronary heart disease is more related to diastolic, rather than 
systolic blood pressure (SBP), although this topic is controversial [11, 12].

In 2003, Mallion [13] reported findings in 27783 untreated individuals in France, 
finding a 6.8% prevalence of ISH in males aged 25–29 years and a 0.3% prevalence 
in females of the same age. Then in 2005, the ENIGMA study recruited 1008 young 
adults in the UK (mean age 20 years of which 43% were male) observing a high 
prevalence of ISH in males and also noting these individuals to be taller, heavier and 
with a higher BMI compared to their normotensive controls [14]. In a further study 
of 750 young adults (aged 26–31) from the Atherosclerosis Risk in Young Adults 
study [15], ISH was identified in 57 men and 3 women, further confirming the pre-
dominance of ISH in men.

The HARVEST study [16], a prospective observational trial, enrolled Italian sub-
jects aged 18–45 years with hypertension, but excluded those with secondary forms 
of hypertension, diabetes and cardiovascular or renal disease. Out of 1141 subjects, 
the prevalence of ISH was 13.8%, IDH was 24.8%, and SDH was 61.4%. In agree-
ment with other studies, they confirmed a high prevalence of ISH in those who were 
young and male—48% in men aged 18–21. Other clinical characteristics of ISH in 
youth include smoking history [17], more active in sport [18] and those with a 
higher resting heart rate [19].

Data from the National Health and Nutrition Examination Survey (NHANES) 
suggests that not only is ISH in youth common but that the frequency is on the rise. 
For US adults aged 18–39, the prevalence of untreated ISH increased from 0.7% 
between 1988 and 1994 to 1.6% between 1999 and 2004 [17]. This further increased 
to 1.9% between 2005 and 2010, and overall, there was a 3.3% prevalence among 
males aged 18–39 compared to 0.5% for females of the same age [20]. Apart from 
male sex, smoking, African-American race and obesity were all associated with ISH 
in the latter NHANES study [17, 20, 21].
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19.3	 �Pathophysiology of ISH in Youth

A number of pathophysiological mechanisms (as illustrated in Fig. 19.1) have been 
proposed as contributing to ISH in youth including enhanced pulse pressure ampli-
fication and increased sympathetic drive with increased cardiac output, stroke vol-
ume and heart rate. The following sections review the evidence base for these 
potential mechanisms in further detail.

19.4	 �‘Spurious’ ISH in Youth, Pulse Pressure Amplification 
and Central (Aortic) Blood Pressure

The term spurious (or pseudo) hypertension has traditionally been applied to elderly 
individuals where blood vessel calcification causes incompressibility of the artery 
[22, 23]. This subsequently leads to falsely elevated, or ‘spurious’ non-invasive bra-
chial cuff blood pressures, but normal intraarterial measurements when measured 
invasively. Spurious hypertension has also been applied to ISH in young individu-
als. O’Rourke et al. [18] were the first investigators to describe pseudo-hypertension 
in an observational study with six healthy young men aged 14–23 with ISH. Using 
the SphygmoCor system, the authors described these young individuals as having a 
‘normal’ aortic SBP (119  mmHg) but exaggerated central aortic-to-peripheral 

Genetic factors

↑ Pulse pressure
amplification

Isolated Systolic
Hypertension

Lifestyle and
environmental

factors
While coat effect

↑Sympathetic
drive

Solid evidence base for association with ISH

↑Cardiac output
(↑stroke volume
and ↑ heart rate)

Hypothesised association with ISH - further evidence required

Fig. 19.1  Diagram showing proposed mechanisms of ISH in young adults
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pressure wave amplification and labelled the condition as pseudo-systolic hyperten-
sion. This was further examined by Mahmud and Feely [9] in 174 medical students, 
again using the SphygmoCor system to estimate the central blood pressure (CBP). 
Eleven of these were identified as having spurious systolic hypertension with a 
mean brachial SBP of 147 mmHg, a normal DBP (70 mmHg) and normal aortic 
pressure waveform and CBP of 116/70. In view of this ‘normal’ CBP, they sug-
gested that spurious systolic hypertension of youth is unlikely to carry increase 
cardiovascular risk and does not require antihypertensive treatment.

The physiological mechanism underlying ‘spurious’ systolic hypertension has 
been proposed as being due to highly elastic arteries with a low peripheral vas-
cular resistance, a high pulse pressure amplification and low wave reflection 
[24]. Alternative mechanisms which may explain increased amplification include 
differences in the transmission properties of the brachiocephalic system itself 
such as arterial stiffening [25]. It most commonly occurs in those who are male, 
younger, taller and obese and have a higher resting heart rate (partly because of 
higher heart rate) [24–27]. This contrasts with the elderly where increased aortic 
stiffness and early return of reflected waves result in smaller pulse pressure 
amplification [24].

Both O’Rourke et al. [18] and Mahmud and Feely [9] based their definition of 
spurious systolic hypertension on a ‘normal’ systolic pressure in the aorta (i.e. 
119 mmHg and 116 mmHg, respectively). Central aortic pressure reflects the pres-
sure experienced by the major organs (heart, kidneys and brain). It should, there-
fore, better correlate with target organ damage, left ventricular hypertrophy/mass 
and cardiovascular disease when compared to brachial pressure. Ideally, invasive 
measurement with cardiac catheterisation is necessary to accurately record central 
BP. However, this is impractical, particularly in younger individuals, and, therefore, 
non-invasive estimation of CBP is performed using waveform analysis of distal 
arterial sites (e.g. carotid, brachial and radial). Analysis of these distal waveforms is 
performed automatically, with calibration using BP measurements obtained at the 
brachial artery. One problem with these non-invasive analyses is that the brachial 
systolic and diastolic cuff pressures required for calibration tend to underestimate 
the ‘true’ (invasive) brachial artery pressure, in turn leading to falsely low estimates 
of central pressure [28].

Leaving these technical points aside, using waveform analysis, McEniery et al. 
[14] showed that central SBP <110 mmHg corresponded to an optimal BP at the 
brachial artery (i.e. SBP <120 mmHg). The authors also observed that central SBP 
was ~22 mmHg higher in young subjects with ISH (121 mmHg) versus normoten-
sives (99 mmHg). Reference values for CBP and pulse pressure amplification have 
recently been published [29]. 45,426 subjects (from 77 studies) were grouped 
according to their brachial blood pressure—normotensives, with no cardiovascular 
risk factors (termed ‘normal population’), or hypertensives/normotensives with car-
diovascular risk factors (termed ‘reference population’). Males aged 20–29 years in 
the ‘normal population’ had a central SBP of 103 mmHg, similar to that shown by 
McEniery et al., and this compared to a central SBP of 110 mmHg in the ‘reference 
population’. Therefore it is apparent that the subjects with spurious ISH described 
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in the studies by O’Rourke et al. or Mahmud and Feely had significantly higher 
central SBP values than the ‘normal’ values identified by either McEniery et al. or 
Herbert et al. [30] (Table 19.1).

It is worth noting that calibration of distal waveforms using brachial BP is highly 
variable within individuals [27], and as such, caution is required when analysing CBP 
and pulse pressure amplification results for young adults with ISH. Notwithstanding 
this, the above data supports the fact that individuals with ISH are actually amplifying 
an already elevated central SBP rather than amplifying a ‘normal’ central SBP as 
previously suggested by O’Rourke et al. and Mahmud and Feely.

19.5	 �Sympathetic Nervous System Over-Activation in ISH

Stevo Julius was one of the first researchers to link a hyperkinetic state [34] to 
hypertension in the Tecumseh study, performed in 691 healthy subjects (mean age 
32.6 years). A hyperkinetic state (characterised by increased heart rate, increased 
cardiac index and higher plasma noradrenaline level) was found to be more com-
mon in those with borderline hypertension (37.4%) compared to normotensives 
(10%), thus suggesting a higher degree of sympathetic activity in borderline hyper-
tension. Further studies have supported this view demonstrating that cardiac output 
and heart rate are also elevated in borderline hypertension, with ISH being a pre-
dominant phenotype [35, 36]. However, other European studies have failed to show 
a positive association between ISH and a hyperkinetic state [32, 33].

Several studies [37, 38] support the hypothesis that in the early stages of hyper-
tension, sympathetic nervous system over-activation, or adrenergic overdrive, is 
present, particularly in young subjects, although not all studies support an associa-
tion [39, 40]. What is harder to know is whether this sympathetic activation pre-
cedes and subsequently drives an elevated blood pressure. Data from the 
Framingham Heart Study supports this, demonstrating that young adults with a 
resting tachycardia were more likely to develop hypertension over the following 

Table 19.1  Mean central and peripheral systolic blood pressures, in those with isolated systolic 
hypertension and normotension

ISH studies Central SBP (mmHg) Brachial SBP (mmHg)
ISH NT ISH NT

O’Rouke et al. (2000) [18] 119 – 153 (radial BP) –
Mahmud and Feely (2003) [9] 116 (males) 97 (males) 147 (males) 121 (males)
McEniery et al. (2005) [31] 121 99 147 116
Hulsen et al. (2006) [32] 117 106 145 126
Saladini et al. (2011) [33] 130 (ISH—high)a

114 (ISH—low)a

113 152(ISH—high)a

146 (ISH—low)a

124

Lurbe et al. (2016) [1] 104 90 132 105

ISH isolated systolic hypertension, NT normotension
aSaladini divided participants according to whether their central SBP, measured with applanation 
tonometry, was above (ISH—high) or below (ISH—low) the median (120.5 mmHg). The values 
here represent the mean of each group
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years compared to age-matched controls with a normal heart rate [41]. Furthermore, 
Lund-Johansen [42] demonstrated in men that those with borderline hypertension 
and a high cardiac output transformed over time to sustained essential hyperten-
sion via a cascade of haemodynamic adaptations including increased peripheral 
vascular resistance. If correct, cardiac output could potentially be a valuable bio-
marker and possible risk stratifier for future hypertension in youth, although fur-
ther longitudinal data in young adults who are in the early phases of BP elevation 
will be required [6].

The HARVEST study [43] also explored the role of the autonomic system in the 
development of sustained hypertension in 163 subjects with stage 1 hypertension 
and 28 normotensive controls. Those with reduced heart rate variability and signs of 
sympathetic predominance were more likely to develop sustained hypertension dur-
ing the 6-year follow-up period. Therefore, interventions aimed at modifying these 
systems may be beneficial, although it is likely that targeting other risk factors such 
as obesity, increased salt intake and a lack of physical exercise will also 
contribute.

19.6	 �White Coat Effect and ISH

The white coat effect may further contribute to the hyperkinetic state experienced 
by young adults with ISH. Young adults with hyperkinetic hypertension have sig-
nificantly higher office BPs compared to home BPs, whereas those with normoki-
netic hypertension and normotensive individuals show little difference between 
office and home BP [5]. The white coat effect was examined in 593 overweight 
children (mean age 12.2 years) [1]. The largest difference between office and central 
SBP corresponded to the ISH group where only 25% of participants had high cen-
tral SBP (compared to 50% in IDH group). The highest pulse pressure amplitude 
was in the ISH group. Furthermore, 75% of the ISH patients were in fact ‘white 
coat’ compared to just 10% with IDH. The association between ‘white coat’ hyper-
tension and ISH is not surprising given that stress results in sympathetic activation, 
leading to increased stroke volume and cardiac output. This results in a widened 
pulse pressure as SBP is elevated disproportionately to DBP [44]. The elevation in 
SBP thus results in an increased frequency of ISH in those with reported ‘white-
coat’ hypertension.

19.7	 �Other Pathophysiology in ISH in Youth

The ENIGMA study describes the largest group of young adults in whom ISH and 
its underlying physiological mechanisms have been studied [14]. McEniery et al. 
measured peripheral and central BP, aortic pulse wave velocity, cardiac output, 
stroke volume and peripheral vascular resistance in 1008 young adults aged 
17–27 years. Compared to normotensive subjects, those with ISH showed higher 
peripheral and central BPs, aortic pulse wave velocity, cardiac output and stroke 
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volume. However, there were no differences in pulse pressure amplification, heart 
rate and peripheral vascular resistance between the groups. Compared to hyperten-
sive subjects, those with ISH had higher pulse pressure amplification, aortic pulse 
wave velocity, cardiac output and stroke volume, while mean blood pressure, heart 
rate and peripheral vascular resistance were all lower. The authors thus concluded 
that ISH results from an increased stroke volume and/or aortic stiffness. This con-
trasts with SDH, in which the major haemodynamic abnormality is an elevated 
peripheral vascular resistance.

Echocardiography studies in adolescents and children add weight to the above 
studies by showing an increase in cardiac output and stroke volume in those with 
persistently elevated SBP [45, 46]. Of note, those of African-American descent 
were not included in the ENIGMA study. Importantly, African-Americans [47] and 
blacks [48] tend to have higher peripheral vascular resistance from a younger age. 
This suggests that different haemodynamic mechanisms contribute to the develop-
ment of hypertension in different ethnicities, and therefore, the ENIGMA study 
results may not be generalizable to all ethnic groups.

In a follow-up analysis of the ENIGMA study cohort [49] in 2502 individuals, 
elevated cardiac output was the haemodynamic factor most strongly associated with 
increased SBP in lean individuals, but cardiac output was elevated in overweight 
individuals, irrespective of the level of BP. Instead, peripheral vascular resistance is 
distinguished between levels of SBP in overweight individuals, suggesting that dif-
ferent haemodynamic mechanisms are likely to drive increased SBP and ISH in 
young subjects, depending on body size. This may hold important implications for 
the treatment of ISH in the young, particularly in light of the growing obesity epi-
demic in the developed world and increasing prevalence of ISH—associated with 
obesity.

19.8	 �Association Between SBP and ISH in Youth 
and Sustained Hypertension

SBP tracks from childhood into adulthood [50], and into later life [51], in almost all 
societies worldwide. A birth cohort study involving 975 individuals, with multiple 
BP measurements taken from 7 to 38 years, showed it was possible to identify four 
discrete trajectories based on SBP and retrospectively identify these from 7 years of 
age [52]. Those individuals in the two higher SBP trajectories were considered pre-
hypertensive and hypertensive, respectively, by the age of 38 and, in addition, had a 
worse metabolic profile. Smoking and elevated BMI were associated with increased 
SBP across all four groups. It is thus possible to predict, with a good degree of accu-
racy, which children will go on to develop hypertension in adulthood.

Specifically with regard to ISH, The HARVEST study [16] followed 1141 young 
adults (mean age 33.7 years) for a median of 72.9 months. Subjects were grouped 
according to their entry BP (ISH, IDH and SDH). When compared to normotensive 
subjects, the risk of developing hypertension according to their office BP was 5.2 
(95% CI 2.9–9.2) for SDH subjects, 2.6 (95% CI 1.5–4.5) among IDH subjects and 
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2.2 (95% CI 1.2–4.5) for ISH subjects. When sustained hypertension was measured 
with ambulatory BP (mean daytime BP ≥135/85), the odds ratios were 5.1 (95% CI 
3.1–8.2), 5.6 (95% CI 3.2–9.8) and 3.3 (95% CI 1.7–6.3), respectively. The results 
thus indicate that young adults with ISH are at increased risk of developing sus-
tained hypertension in later life, although the risk is smaller compared to those with 
SDH or IDH [3].

A further analysis of the HARVEST trial [33] after 9.5 years of follow-up dem-
onstrated that ISH subjects with high central BP had a risk of developing sustained 
hypertension and requiring treatment which was similar to those with SDH (OR 6.2; 
95% CI 1.8–21.1, p = 0.003). In contrast, those with ISH with a low central BP had 
a risk of developing sustained hypertension which was similar to that of normoten-
sives (OR 1.10, 95% CI 0.2–5.3, p = 0.90), indicating that there is potential value in 
using CBP as a risk stratifier in young adults. Indeed, Hulsen et al. [32] also observed 
that those younger subjects with ISH and a high central BP (≥121  mmHg vs. 
<121 mmHg) were at higher risk of developing hypertension that required treatment 
over a 10-year follow-up period (50% vs. 15.2%) [33]. However, it is worth noting 
the mean age in the HARVEST trial was 38.9 years, and prospective longitudinal 
data involving adolescents and young adults is required to confirm the true value of 
central BP as a stratifier of risk in young subjects.

19.9	 �Association Between SBP and ISH in Youth 
and Cardiovascular Risk

The evidence outlined above establishes a strong association between ISH in youth 
and sustained hypertension in later life. It is not unexpected, therefore, that elevated 
SBP in youth increases cardiovascular risk in later life. Sundstrom et al. [53] fol-
lowed 1.2  million Swedish male military conscripts (mean age 18.4  years) over 
24 years finding a U-shaped relationship between total mortality and SBP (lowest 
risk at 130 mmHg) which was primarily driven by non-cardiovascular mortality, 
whereas there was a monotonic and positive association between cardiovascular 
mortality and SBP.  However, the relationship with DBP and total mortality was 
stronger compared to that of SBP indicating that DBP should not be ignored. In a 
study involving 8354 Glasgow University students (mean age 20.5 years) followed 
over a median of 41.3 years, both SBP and DBP were associated with increasing 
risk of CHD and CVD mortality, although this did not reach significance for 
DBP. However, regarding stroke mortality specifically, there was a strong positive 
association with DBP, but little correlation with SBP.  A further study involving 
10327 Harvard University former students (under age 30) showed that SBP 
>130 mmHg, elevated BMI, short body stature and smoking status predicted nonfa-
tal stroke during the follow-up period of 26–50 years [54].

While a number of studies, including those described, assess SBP and DBP indi-
vidually, there is a distinct lack of prospective studies in young people assessing 
hypertension by subtype, such as ISH. Two studies by Rutan [55] and Strandberg 
[56] prospectively assess ISH, although, in both of these studies, ISH was defined 
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as SBP ≥160 mmHg and DBP <90 mmHg. Rutan assessed 317871 white men aged 
35–57 years, showing those with ISH had the highest all-cause and cardiovascular 
mortality over a 6-year follow-up period. Strandberg examined 3267 Finnish men 
aged 30–45 years. The presence of ISH failed to predict either all-cause or cardio-
vascular mortality—although only 17 participants were actually classified as having 
ISH.

The best current evidence for the long-term risk associated with ISH in young 
subjects is provided by the Chicago Heart Association Detection in Industry 
Programme [19], which examined 15868 men and 11213 women aged 18–49 (mean 
age 34) during a 31-year follow-up. Participants were categorised into one of five 
groups (optimal BP, high-normal BP, IDH, SDH and ISH defined by SBP 
≥140  mmHg and DBP <90  mmHg) depending upon their seated brachial blood 
pressure and according to the Joint National Committee on Prevention, Detection, 
Evaluation and Treatment of High Blood Pressure (7th report) [57]. In total, there 
were 1728 deaths from cardiovascular disease, 1168 from coronary heart disease 
and 223 deaths from stroke. Overall, men with ISH had an increased risk of cardio-
vascular disease and coronary heart disease mortality when compared to optimal 
BP. The risk was similar to those with high-normal BP but lower compared to those 
with IDH and SDH. However, females with ISH showed a higher cardiovascular 
mortality risk when compared to all other BP categories apart from those with 
SDH. While it remains unclear how the pathophysiology of hypertension differs 
between sexes, it is known that at any given age from adolescence, females operate 
at a lower BP than males [58]. However, females tend to have a relatively higher 
CBP (due to greater central arterial wave augmentation and smaller pressure ampli-
fication) [4, 59], which may render females at greater cardiovascular risk for any 
given peripheral BP than males.

The results of the Chicago Heart Association study demonstrate for the first time 
that ISH in younger to middle-aged adults is associated with increased future risk 
and should not be considered an innocuous condition. Importantly, the study began 
before the onset of the current obesity epidemic and, therefore, has not captured the 
impact of ISH associated with obesity, which is increasing in prevalence [17], and 
may well drive even greater risk. By establishing an association between ISH in 
youth and increased cardiovascular risk, one can conclude that ISH is unlikely to be 
artefactual and, instead, necessitates active management and treatment.

19.10	 �Treatment of ISH in Youth

Modifying diet (reducing salt intake), increasing physical activity, reducing weight 
and stopping smoking are recommended first-line options in young individuals with 
hypertension and are advocated, even if pharmacological therapy is necessary. 
Formal guidelines are otherwise lacking, and while the management of ISH is 
alluded to, there is no mention on the management or treatment of ISH relating to 
youth in either the UK National Institute for Health and Clinical Excellence (NICE) 
guidelines [60], the JNC guidelines [61] or the National Heart Foundation of 

19  Systolic Hypertension in Youth



266

Australia guidelines [62]. The 2016 ESH guidelines for children and adolescents [2] 
do acknowledge the lack of understanding regarding prognosis and treatment in 
young adults with ISH. Lifestyle modifications and close monitoring are suggested, 
whereas pharmacological therapy is not, unless there are hypertensive symptoms or 
target organ damage. Instead, the ESH guidelines suggest that aortic BP measure-
ments may be useful in the assessment of those with ISH (without target organ 
damage) but do not provide further guidance regarding management. Stratifying 
risk according to CBP is promising but lacks universally agreed reference ranges 
and widespread uptake, particularly in primary care settings, and suffers from a lack 
of evidence in the area.

The underlying pathophysiology in ISH would suggest that reducing cardiac out-
put and/or aortic stiffness would be reasonable therapeutic options. Indeed, beta 
blockers would seem sensible, and propranolol, labetalol and nebivolol all reduce 
SBP, DBP and cardiac output in healthy, normotensive individuals (average age 32) 
[63]. However, non-vasodilating beta blockers (such as atenolol) show less benefit 
in reducing central aortic pressure when compared to newer beta blockers that either 
simultaneously block alpha receptors (carvedilol) or cause vasodilation via nitric 
oxide stimulation (nebivolol) [64–66]. The results of two comprehensive meta-anal-
yses [67, 68], along with comparison studies including the ASCOT trial [69], dem-
onstrate that atenolol is inferior to other major antihypertensive drug classes in 
preventing cardiovascular events. In addition, haemodynamic and physiological 
effects of selective B1 antagonists in young adults are poorly understood, and there 
may be long-term risks associated with lowering cardiac output in children although, 
as yet, data are very sparse and this area of research is poorly understood.

Once established, hypertension is irreversible, and therefore strategies aimed at 
preventing or delaying the condition from an early stage are of primary importance. 
Targeting key mechanisms underlying ISH in the young may well lead to more 
effective BP control and reduce cardiovascular risk. The lack of treatment guidance 
reflects underlying uncertainty, both in terms of the optimum treatment strategy and 
future prognosis, due to a lack of long-term prospective studies.

�Conclusion
Evidence increasingly points towards ISH in youth being associated with sus-
tained hypertension in adulthood and thus carries an increased cardiovascular 
risk. Standardised screening investigations for underlying causes and target 
organ damage, plus ambulatory blood pressure monitoring to confirm ISH, 
remain first-line investigations. Measurement of CBP should help to provide 
additional evidence regarding underlying risk and target organ damage and to 
confirm or refute true ISH (rather than white coat); however its reproducibility 
and relevance as a marker of risk remain questionable.

Once confirmed then ISH should be actively managed with lifestyle advice. 
While the long-term risks and benefits of pharmacological treatment associated 
with ISH in the elderly are undisputed, the evidence of antihypertensive drugs in 
ISH in youth remains poorly supported by both the literature and current interna-
tional hypertension guidelines and has been the subject of continued debate. 
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Nevertheless, pharmacological therapy should be initiated in this group of 
patients to achieve a target BP within the designated range.

Studies in this chapter draw their data from a wide range of ages from chil-
dren to middle-aged adults. Drawing direct comparisons and comparing outcome 
data between these studies are challenging, as SBP naturally increases into and 
throughout adult life, and therefore assessing future cardiovascular risk for an 
otherwise identical individual, aged either 18 or 35 years with the same SBP of 
145 mmHg, is markedly different. Furthermore, the use of risk calculators in 
deciding whether to initiate treatment is not suitable in adolescents or young 
adults, due to their very low absolute risks (e.g. over 10–20 years).

Elevated cardiac output (with increased stroke volume and heart rate) and 
increased sympathetic activation, rather than pulse pressure amplification, are 
the dominant haemodynamic traits in children, adolescents and young adults 
with ISH. These may serve as useful biomarkers of future risk. Further, long-
term prospective studies with ISH subjects, involving different ethnic groups, 
and with hard end points, are required to better understand the pathophysiology, 
natural history and clinical consequences of ISH in youth.
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20.1	 �The Clinical Problem

Obesity has more than doubled since 1980, with nearly 2 billion overweight (39%) 
and 600 million obese (13%) adults worldwide [1]. In England nearly a quarter and 
in the USA close to a third of all adults are obese [2, 3].

Our contemporary understanding of obesity focuses on our ancestors and the fact 
that fat was the energy store developed in times of plenty which could then be uti-
lised during times of famine. This theory suggests that genes predisposing to obe-
sity would confer survival benefits and such individuals would live long enough to 
reproduce which is often seen as nature’s ultimate aim. Whilst adaptive variations in 
weight in the animal kingdom continue to serve their pro-survival purpose, we are 
observing a worrying trend in weight gain often associated with diseases that 
shorten the lifespan of the affected individual or at the very least don’t confer any 
survival benefits. Susceptible individuals are no longer exposed to periods of famine 
and are instead able to access easily high energy foods without expending much 
energy [4, 5]. Hunting and gathering food has been replaced by as little effort as a 
simple click of a button on the computer or a short drive to the nearest supermarket. 
In the hibernating mammal, short-term obesity and insulin resistance help direct 
glucose to the brain to keep the animal alive; however obesity has inflicted the mod-
ern man with chronic illnesses with significant associated cardiovascular morbidity 
and mortality, often requiring treatments such as polypharmacy or surgery in the 
extreme cases [6].

A clue to the complexity of obesity-related disorders is that whilst the presence 
of obesity is thought to be detrimental to health, simple and intuitive measurements 
such as BMI, waist circumference and waist-to-hip ratio do not improve cardiovas-
cular disease risk prediction substantially when information such as blood pressure, 
lipid profile and a history of diabetes are available [7]. This highlights the fact that 
there is more to obesity than the shape or size of the individual and there may well 
be obese individuals whose cardiovascular risk profile is not particularly adverse. 
This cohort of individuals has been labelled as the ‘metabolically healthy obese’. A 
better understanding of the physiology of these individuals will no doubt help guide 
future therapies to potentially transform those with MetS into ‘metabolically 
healthy’ individuals without resorting to drastic measure to achieve significant 
weight loss. Nonetheless, obesity and metabolic syndrome remain strong predictors 
of future cardiovascular events. In those with disproportionately high WC for a 
given BMI, assessment of further cardiometabolic risk factors is encouraged [8], 
thus highlighting the specific properties of individual fat depots and providing clues 
that certain depots convey a worse risk profile.

Hypertension affects nearly one third of the US population [9], and in England it 
was reported in over 45% of those in the obese group, compared with around 30% of 
the overweight and 15% of those in the normal weight category [2]. Globally over a 
billion people have raised blood pressure, that is, 24% of the adult male and 20% of 
adult female population in 2015 [10]. The Framingham Heart Study identifies obesity 
as a contributory factor in 60–70% of essential hypertension [11], and obese individu-
als have a 3.5-fold increase in the likelihood of developing hypertension [12].
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The co-occurrence of obesity and hypertension has prompted the scientific com-
munity to further investigate the pathophysiology of obesity-related hypertension as 
well as its links to diabetes. Contemporary hypotheses have described prediabetes 
as a disease of the microvasculature under the influence of its surrounding perivas-
cular adipose tissue (PVAT).

There are many mechanisms via which obesity can lead to hypertension. In the 
acute phase, both bolus oral ingestion and the intravenous infusion of fat by normo-
tensive obese individuals result in a significant rise in systolic blood pressure, atten-
uated endothelial function, increased oxidative stress markers and activation of the 
sympathetic nervous system [13].

Genetic causes of obesity are rare, and the majority of cases are a consequence 
of indulgence in readily available and calorie-rich foods which provide significant 
proportion of the recommended daily allowance of salt and fat. High-salt diets 
accelerate the development of hypertension in diet-induced obese rats without rais-
ing the ceiling of the systolic blood pressure beyond that observed in diet-induced 
obese rats fed a low-salt diet [14]. This effect may be a consequence of the increase 
in oxidative stress levels in the vasculature as evidenced by significantly higher 
superoxide levels within aortic rings of high-fat and high-salt diet fed animals.

There are numerous facilitators of obesity-related hypertension. These include 
the renin-angiotensin-aldosterone system (RAAS), the overactive sympathetic ner-
vous system, metabolic dysregulation including hyperinsulinaemia, adipokine 
imbalance, and PVAT damage. There is currently no direct evidence to suggest that 
a loss of PVAT vasorelaxant function leads to systemic hypertension in man, but we 
have reported a correlation between the loss of PVAT vasorelaxant effect and a rise 
in BP in a murine model of obesity [15] and believe that such a correlation might 
also exist in man.

20.2	 �Fat Depots

This chapter reviews the role of perivascular adipose tissue in MetS, but it is vital to 
point out that the distribution of fat around the body determines not only the obese 
phenotype but also its consequences. Intra-abdominal and visceral fat depots have 
been linked with an adverse cardiometabolic profile and mortality associated with 
obesity [16, 17]. The total amount of internal fat rises with increasing subcutaneous 
adiposity, but even individuals classed as thin may have more visceral fat than some 
obese individuals. Fat accumulation in some fat depots seems to be more favour-
able. Increased gluteofemoral fat mass negatively correlates with levels of inflam-
matory cytokines and is positively linked to raised concentrations of adipokines 
resulting in decreased metabolic and cardiovascular risk [18]. In human experi-
ments, this is the fat depot that is most easily accessible and studied in ex  vivo 
protocols.

Adipose tissue depots have unique inflammatory profiles. Perivascular adipose 
tissue from murine aortic arch expresses lower levels of adipocyte-associated genes 
compared with subcutaneous and visceral fat [19]. Visceral adipose tissue exhibits 

20  The Role of Perivascular Fat in Raising Blood Pressure in Obesity and Diabetes



274

a more inflammatory profile with a higher macrophage content than subcutaneous 
fat [20]. This may somewhat explain the stronger link between central obesity and 
hypertension than between BMI and raised blood pressure [21].

Epicardial adipose tissue thickness correlates well with waist circumference, vis-
ceral adipose tissue mass, fasting insulin and diastolic blood pressure [22, 23] and has 
been shown to be significantly greater in patients with MetS than those without [24].

PVAT surrounding human coronary vessels is made up of smaller, more irregu-
larly shaped adipocytes as compared with visceral and subcutaneous fat depots. 
Coronary PVAT secretes lower levels of adiponectin and higher levels of cytokines 
such as IL-8 and IL-6 as compared with subcutaneous and visceral adipocytes [19]. 
Exposure to IL-6 has been linked with a reduction in adiponectin production by 
human adipocytes [25]. Interestingly, there is a high level of macrophage infiltration 
and lower adiponectin mRNA levels in the epicardial fat tissue of patients with 
coronary artery disease [26]. Coronary PVAT contains higher levels of monocyte 
chemotactic protein-1 (MCP-1) as compared with visceral and subcutaneous tissue 
[19, 27–29]. Lower levels of adiponectin in epicardial tissue have also been associ-
ated with hypertension [30, 31] and increased risk of myocardial infarction [32].

In this chapter we will focus mainly on PVAT as the fat depot of interest.

20.3	 �Perivascular Adipose Tissue

Adipocytes surround almost every blood vessel in the body. They are biological active 
cells that produce and secrete a number of molecules called adipokines with meta-
bolic and vasoactive properties. In the adult man, these are predominantly white adi-
pocytes and form the perivascular adipose tissue or PVAT.  In 2005, Yudkin et  al. 
proposed that PVAT might be the link between obesity and the development of diabe-
tes and MetS as a consequence of an adverse effect on the microvasculature [33]. In 
health, PVAT could produce adipokines that influence metabolism and the control of 
local microvessel tone. They suggested that the loss of these adipokines would result 
in a change in vessel function and development of insulin resistance. The effect of 
circulating insulin on NO-mediated vasodilatation is of paramount importance in 
modulating the postprandial increase in nutritive flow, and the authors postulated that 
this could be challenged by the paracrine action of adipokines released from local fat 
stores in obesity. They further highlighted the role inflammation may play and that 
higher concentrations of TNF-α in obesity could disrupt the crosstalk between fat and 
blood vessels. Only recently we have been able to provide the evidence in support of 
the Yudkin hypothesis, but we are far from identifying definitive therapeutic strategies 
to treat prediabetes and pre-hypertension before the onset of MetS.

The effect of PVAT on its surrounding vasculature is not only dependent on the 
properties of the adipocytes but also the presence of a variety of cells coexisting 
within PVAT.  In chronic inflammatory conditions such as obesity, there is an 
increase in numbers of inflammatory cells including macrophages and eosinophils 
within PVAT which distorts the properties of ‘healthy PVAT’ and leads to a less 
favourable profile.
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At first glance, a simple review of the vast literature on the properties of PVAT 
can appear somewhat confusing or contradictory. There are reports of both vasore-
laxant and pro-contractile properties which can bemuse the casual reader. We know 
now that PVAT can behave differently, depending on the specific species and vascu-
lar beds being studied. The distinctive properties of PVAT also depend on the agents 
used to the tissue. In health, PVAT from both human and murine mesenteric vessel 
beds exerts a vasorelaxant effect. That is to say that in a simple organ bath or myog-
raphy experiment, in the presence of PVAT, the adjacent small vessel constricts 
significantly less than a skeletonised vessel when stimulated with a vasoconstrictor 
agent. In obesity this effect is not observed.

There is evidence to suggest that the vasorelaxant property is due to a number of 
molecules being secreted from PVAT as well as a degree of contribution from the 
‘sponging effect’ of PVAT forming a physical barrier and obstructing the flow of the 
provocative agents from reaching the vessel. We have shown previously that dam-
age to the PVAT vasorelaxant property directly correlates with BP elevation in a 
murine model of obesity [15]. This is a significant finding as it is the first evidence 
of a correlation between PVAT function and blood pressure. Quantifying PVAT 
vasorelaxant effect is a novel endeavour. In brief, animals were fed a high-fat diet to 
establish an environmental model of obesity. Vessel segments from their mesenteric 
beds were assessed, and the degree of contraction of their adjacent skeletonised ves-
sel was quantified as a ratio of the degree of contraction of the PVAT-intact segment 
of the same vessel to KPSS (potassium-rich physiological saline solution). We 
reported a correlation between this derived figure and systemic BP. This means that 
as the animals gained weight and lost their PVAT vasorelaxant effect, there was an 
attendant elevation in blood pressure. This remains the most convincing evidence of 
a link between weight gain and PVAT function correlating with a rise in BP.

20.4	 �PVAT as a Vasorelaxant Organ

We have already discussed that healthy PVAT exerts a vasorelaxant effect on adjacent 
microvasculature when subject to vasoconstrictors [34]. This is true in the majority of 
vascular beds. A number of mechanisms have been proposed to describe this phenom-
enon with just as many outstanding questions requiring further investigation.

Experimental protocols have identified both endothelium-dependent and endo-
thelium-independent [35] mechanisms, and a number of molecules have been impli-
cated which will be discussed briefly in this chapter.

White and brown adipocytes have similar yet distinguishably different secretion 
profiles [36], but the vasorelaxant property of PVAT has been documented in both 
white and brown tissues [37, 38].

Adiponectin is the most abundant adipokine with a significant vasorelaxant 
effect on small arteries and is able to reverse endothelial dysfunction in diet-induced 
obese rats via the AMPK-eNOS pathway [39]. Adiponectin levels are low in hyper-
tension and improve with antihypertensive treatment [40]. Adiponectin secreted 
from murine PVAT modulates the tone of the adjoining microvessel segment by 
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functioning as an adipose-derived relaxant factor or ADRF [41]. Further data from 
our group demonstrated that adiponectin receptor type 1 blockade abolishes PVAT 
vasorelaxant effect on adjacent small arteries obtained from healthy biopsies [42], 
thus clearly demonstrating that adiponectin is an ADRF in man. Recently we have 
reviewed in detail the properties of this adipokine and its role as an ADRF [43].

Adiponectin directly stimulates the production of nitric oxide in endothelial cells 
using the phosphatidylinositol 3-kinase-dependent pathways involving phosphory-
lation of eNOS at Ser1179 by AMPK. This vasodilator action of adiponectin may in 
part explain the effects of adiponectin in augmenting the metabolic actions of insu-
lin in vivo [44].

Serum levels of the adipocyte-derived proteins adiponectin and leptin correlate with 
insulin resistance (HOMA-IR) and BMI. Levels of expression of MCP-1 and TNF-
alpha in visceral adipose tissue are also higher in those with BMI ≥25. Inflammation 
plays a major role in diabetes, and a growing body of evidence is pointing to obesity-
induced PVAT damage as a precursor to the development of diabetes in obesity. In 
obesity, adipocytes outgrow their blood supply and exist in a state of chronic low-grade 
hypoxia. We have shown previously that there is increased staining for TNF-alpha 
receptor in obese compared with lean PVAT [42] and that following bariatric surgery, 
there is a significant reduction in staining for the TNF-alpha cytokine in the PVAT 
which correlates with a reduction in adipocyte size following weight loss [45]. It has 
been shown that TNF-alpha in visceral adipose tissue correlates with HOMA-IR [46] 
and those with type 2 diabetes have higher circulating levels of TNF-alpha [47].

Treatment with TNF-alpha leads to a reduction in adiponectin mRNA levels in 
3T3-L1 adipocytes, and this can be partially recovered by treatment with a c-Jun 
N-terminal kinase (JNK) inhibitor or the PPAR-gamma agonist rosiglitazone [48].

Decreased total and HMW adiponectin and increased IL-6 and TNF-alpha levels 
are characteristic of patients with metabolic syndrome and type 2 diabetes [47, 49]. 
Adiponectin itself can reduce inflammation. The mRNA expression of TNF-alpha, 
IL-6 and ICAM-1 is elevated in db/db mice, and adiponectin treatment decreases 
these expressions in the aorta. Adiponectin may contribute to an increase in nitric 
oxide bioavailability by decreasing superoxide production as well as by inhibiting 
inflammation and adhesion molecules in the aorta in type 2 diabetic mice [50].

Nacci et al. have used streptozotocin (STZ)-induced diabetic mice and investi-
gated whether treatment with the TNF-alpha blocking antibody infliximab can nor-
malise the expression of adiponectin and adiponectin receptors in different fat 
depots and if this effect correlates with improved endothelial activity and vasodila-
tor function. The STZ mice were studied at 1 and 2 weeks after diabetes onset and 
compared to age-matched infliximab-treated diabetic (I-STZ) and control animals 
(CTRL). In STZ mice, activation of pro-inflammatory JNK signalling was faster in 
PVAT than in visceral (VAT), epididymal (EAT) and subcutaneous (SAT) adipose 
depots and associated with reduced adiponectin synthesis and dysregulated 
AdipoR1/R2 levels. Compared with controls, activation of JNK in aortic endothelial 
cells and mesenteric arteries was associated with reduced expression/phosphoryla-
tion of eNOS and impaired ACh-mediated vasodilation. Infliximab treatment abro-
gated JNK activation, ameliorated adiponectin protein expression and normalised 
expression of both AdipoR1 and AdipoR2 in PVAT, concomitantly improving eNOS 
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expression and vessel relaxation in mesenteric arteries. These data highlight the 
early susceptibility of PVAT to activation of pro-inflammatory JNK signalling and 
its potential importance in early vascular changes of T1DM [51].

PVAT secretes a number of other adipokines with vasorelaxant properties in 
addition to adiponectin; these include angiotensin 1–7 (Ang 1–7), nitric oxide (NO), 
leptin, hydrogen sulphide and palmitic acid methyl ester (PAME).

Angiotensin 1–7 stimulates the release of endothelial NO, activating Ca-dependent 
potassium channels in arteries [37] and voltage-dependent potassium channels in 
veins [52]. In keeping with this, Angiotensin 1–7 receptor antagonists attenuate 
PVAT vasorelaxant function [53]. Ang 1–7 is also able to function via AT2 and Mas 
receptors to reduce the nerve-stimulated overflow of noradrenaline [54]. This may 
prove to be of paramount importance as sympathetic nerve over-activity contributes 
to pathophysiology of obesity-related hypertension, and we shall discuss this fur-
ther in this chapter. An oral preparation of Ang 1–7 has been produced [55], and 
assessment of its in  vivo effect on vessel tone may provide another therapeutic 
opportunity in treating obesity-related hypertension.

Healthy white adipose tissue [56] and PVAT [57] produce nitric oxide (NO). 
Insulin [58] and leptin [59] stimulate NO production in adipocytes, and it follows 
that the increased levels of insulin and leptin in obesity should enhance NO concen-
trations in PVAT. In early diet-induced obesity, there is enhanced NO bioavailability 
in mesenteric PVAT of rats [57], but factors such as elevated superoxide levels in 
chronic obesity lead to a diminution of NO bioavailability in obese PVAT [15].

Leptin is another molecule secreted from white adipocytes, and its plasma levels 
are elevated in obesity. Its central actions include its effects on the hypothalamus 
resulting in appetite suppression as well as an increase in the activity of the sympa-
thetic nervous system [60]. Leptin also has a direct endothelial NO-dependent vaso-
relaxant effect in health. Leptin-deficient ob/ob mice are severely obese, but remain 
normotensive [61]. Leptin stimulates endothelial NO release in the vasculature; thus 
an acute rise in leptin concentrations does not significantly affect blood pressure 
despite elevated SNS activity. In obesity, leptin levels are chronically elevated and 
confounded by endothelial dysfunction and a reduction in NO bioavailability [62]; 
therefore its vasopressor effects become more prominent.

Hydrogen sulphide functions via KCNQ [63], whilst palmitic acid methyl ester 
(PAME) functions via Kv channels, independent of nitric oxide and endothelium 
[64], and its release is Ca-dependent. These two molecules have been more recent 
additions to the list of ADRFs. There is a reduction in the release of PAME from 
PVAT of 20-week-old SHR as compared with pre-hypertensive SHR and normoten-
sive Wistar-Kyoto rats. Exogenously applied PAME has a reduced vasorelaxant 
effect on de-endothelialised aortic rings of SHR as compared with its significant 
vasorelaxant effect on pre-constricted vessels from pre-hypertensive SHR and nor-
motensive rats [64]. Clearly PAME plays a role in pre-hypertension and is worthy 
of further clinical investigation in this context.

It has become apparent that there is more than one PVAT-derived molecule that 
satisfies the criteria for ADRF. We have shown that adiponectin is the ADRF from 
human subcutaneous PVAT [42], but other ADRFs may well play a significant role 
in human PVAT.
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20.5	 �PVAT as a Pro-contractile Tissue

In obesity, the vasorelaxant function of PVAT is attenuated or lost completely.
A number of explanations and theories exist as to the cause of this loss of func-

tion. Amongst the most likely are the effects of oxidative stress and inflammation, as 
well as adipokine dysregulation and increased sympathetic nervous system action.

We have shown previously that incubation of healthy PVAT with the inflamma-
tory cytokines TNF-alpha and IL-6 leads to a significant attenuation of PVAT vaso-
relaxant properties similar to that observed in obesity [42]. In keeping with the 
complexity of PVAT studies, we have reported that there is no homogenous effect 
from the presence of different white blood cells within the PVAT. In particular, we 
have studied both macrophages and eosinophils within PVAT. Macrophages secrete 
a number of inflammatory cytokines including TNF-α and free radicals such as the 
superoxide anion. We used experimental hypoxia in tissue baths to approximate obe-
sity-induced PVAT damage and observed that macrophage recruitment and activa-
tion in adipose tissue is an essential step resulting in the loss of PVAT vasorelaxant 
function [65]. On the contrary, mice deficient of eosinophils lack the PVAT vasore-
laxant effect, and eosinophil reconstitution did lead to enhanced adiponectin and 
PVAT-derived NO bioavailability leading to the restoration of PVAT vasorelaxant 
function [66]. As previously mentioned, fat depots seem to have specific characteris-
tics, and the PVAT surrounding rat thoracic aorta expresses brown adipose tissue 
genes and appears to resist inflammation and macrophage infiltration in diet-induced 
obesity [67], so it is possible that in obesity, not all fat depots are affected equally.

The paramount role of macrophages in PVAT damage cannot be overstated; thus 
macrophage recruitment into PVAT tissue has been studied in some detail. Monocyte 
chemotactic protein-1 (MCP-1) levels are increased in adipose tissue and in plasma of 
genetically obese and diet-induced obese mice [68], as well in obese humans [69]. 
Moreover, insulin increases the secretion of MCP-1 from insulin-resistant 3T3-L1 
adipocytes and in ob/ob mice [70]; in this way the hyperinsulinaemic state in obesity 
leads to PVAT macrophage recruitment and subsequent release of cytokines which 
attenuate its vasorelaxant function. Fractalkine or CX3CL1 is a protein secreted from 
adipocytes that promotes monocyte adhesion to human adipocytes [71]. Fractalkine 
levels are increased in diabetes as well as in obesity [72]. There is also direct evidence 
for involvement of fractalkine in hypertension. The expression of CX3CL1 receptor 
gene in blood leukocytes from patients with arterial hypertension has been shown to 
be significantly increased [73]. This protein may well play a significant facilitator role 
in the process of initiation of the macrophage-induced loss of PVAT vasorelaxant 
function and is worthy of further consideration from a therapeutic target viewpoint.

Chemerin is another adipokine that plays a potentially significant role in the loss 
of PVAT vasorelaxant function by behaving as a possible link between obesity, BMI 
[74], PVAT, diabetes [75] and hypertension both in adults and children [76, 77].

Adipose tissue explants from obese patients exhibit significantly higher chemerin 
secretion compared with lean controls, and higher chemerin release is associated 
with insulin resistance and insulin-induced antilipolysis. Chemerin stimulates vas-
cular smooth muscle cell proliferation and migration via a ROS-dependent 
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signalling pathway, and at least in theory, this vascular remodelling can contribute 
to raising blood pressure [78]. Moreover, chemerin evokes direct vasoconstriction, 
as well as enhancing agonist-induced contractions in human and rat vessels through 
Gi proteins, resulting in the activation of L-type Ca2+ channels, as well as Src, and 
Rho kinase [79]. Levels of chemerin correlate well with clinical parameters too. Its 
plasma concentration is raised in obesity, insulin resistance and inflammatory con-
ditions, and levels positively correlate with increases in BMI and abdominal vis-
ceral fat accumulation [80]. It has been linked with increasing BP in mice, and 
importantly, its levels fall with loss of adipocyte mass following exercise or bariatric 
surgery [81].

We have discussed chemerin’s role in the vasculature, but it also plays a role in 
disrupting glucose homeostasis. Chemerin induces insulin resistance in human skel-
etal muscle cells at the level of insulin receptor substrate 1, Akt and glycogen syn-
thase kinase 3 phosphorylation and glucose uptake, and ERK inhibition prevents 
chemerin-induced insulin resistance [74]. Following weight loss, the significant 
decrease in chemerin levels in 3 months after bariatric surgery is associated with a 
decrease in HOMA-IR and blood glucose [82].

From an inflammatory perspective, chemerin induces ICAM-1 and E-selectin 
expression in endothelial cells [83]. Given that it plays a role in monocytes recruit-
ment, insulin resistance and vasoconstriction and its levels correlate with weight 
gain and drop following weight loss, chemerin is one of the major adipokines that 
could be targeted in therapeutic strategies to treat MetS.

No doubt further PVAT-derived pro-contractile entities will be described much 
the same way as there is now a list of candidates for PVAT-derived vasorelaxant 
factors.

20.6	 �The RAAS Within PVAT

In obesity, there are raised circulating levels of the components of the renin-angio-
tensin-aldosterone system (RAAS). Adipocytes have an intrinsic RAAS system 
including ACE and angiotensin type 1 and type 2 receptors, and they secrete angio-
tensinogen, the levels of which are raised in obesity [84]. The source of the adipo-
cyte renin activity remains controversial and unclear [85].The raised circulating 
aldosterone levels in obesity correlate with the degree of visceral adiposity and 
waist-to-hip ratio [86–88]. In the context of obesity-related hypertension, the 
raised aldosterone concentrations have a twofold effect: they contribute to increased 
blood volume by increasing sodium reabsorption and lead to the generation of 
reactive oxygen species (ROS). Aldosterone activates NADPH oxidase, thus 
increasing ROS levels leading to oxidative posttranslational changes to guanylyl 
cyclase rendering it NO-insensitive [89]. ROS can also reduce NO bioavailability 
by forming molecules such as peroxynitrite, thus contributing to endothelial dys-
function. ROS can also stimulate the mineralocorticoid receptor (MR) [90], thereby 
theoretically contributing to further elevations in ROS levels, forming a vicious 
circle. At the endothelial level, aldosterone decreases glucose-6-phosphate 
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dehydrogenase (G6PD) activity. G6PD is a cytosolic enzyme and the main source 
of intracellular NADPH which functions to limit ROS activity [91]. There are two 
aldosterone receptor antagonists in clinical use: spironolactone is a nonselective 
aldosterone receptor antagonist, whereas eplerenone is a selective aldosterone 
receptor antagonist which has a lower degree of cross-reactivity with sex-steroid 
hormones and a longer half-life than spironolactone [92]. Spironolactone increases 
the expression of G6PD and its activity, as well as raising NADPH levels leading 
to a reduction in ROS generation in aortas of aldosterone-treated mice [91]. 
Aldosterone increases the expression of TNF-α from macrophages within PVAT, 
and we have reviewed the role of macrophages and TNF-alpha in PVAT damage. 
Eplerenone leads to a reduction of ROS generation and increased levels of adipo-
nectin in obese and diabetic mice [93].

It is not clear to what extent the blood pressure reduction is a result of blood 
volume and cardiac output reduction secondary to reduced sodium reabsorption, or 
due to a reduction in sympathetic activity through the direct CNS effect of aldoste-
rone [94, 95]. Certainly, a reduction in ROS generation within PVAT would partly 
restore the favourable vasorelaxant profile lost, in part, following hypoxia-induced 
inflammatory damage in obesity.

The ROS-induced PVAT damage in obesity would suggest that antioxidants 
and free radical scavengers could be therapeutic agents to reverse this damage 
and possibly lower blood pressure in obesity. We’ve shown in ex vivo experi-
ments that SOD and catalase can restore the PVAT vasorelaxant property in both 
human and murine models of obesity [15, 45]. A 3-week administration of des-
methyltirilazad (lazaroid), a potent antioxidant, significantly ameliorates blood 
pressure in SHR rats [96].

We have shown also that MR blockade using eplerenone is able to reduce mac-
rophage activation and rescue aldosterone-induced and hypoxia-induced PVAT 
damage [65]. Intuitively, it has been proposed that prevention of ROS generation 
using NADPH oxidase inhibitors may be a better way of tackling oxidative stress 
than scavenging the free radicals once they have been generated, although clinical 
studies need to assess the feasibility of this theory [97].

Vessel stiffness is another important contributing factor in the pathophysiology 
of obesity-related hypertension. The association of vessel stiffness is strongest for 
waist circumference and visceral adiposity, rather than global obesity as measured 
by BMI [98]. Obesity is a complex multifaceted disorder, and dysregulation of any 
number of factors can affect vascular stiffness. The adipokine leptin has been linked 
with impairment of arterial distensibility, and its raised levels in obesity may well 
be a contributing factor in arterial stiffness [99].

Inflammation, oxidative stress and monocyte recruitment all play their part in 
initiating endothelial dysfunction in obesity. There is also disruption to the fine 
balance between the vasoconstrictor action of endothelin-1 and the vasodilator 
effect of NO in endothelial cells. In health, insulin activates phosphoinositide 
3-kinase leading to increased NO production secondary to eNOS phosphorylation 
[100]. Postprandial physiological surge in insulin concentrations leads to dilatation 
of precapillary arterioles, thus improving blood flow and delivery of nutrients to 
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tissues, a process known as nutritive flow [33]. In obesity, NO-mediated vasorelax-
ation is impaired, leading to vasoconstriction via unopposed endothelin-1 action 
[33, 100]. Reduced endothelial nitric oxide bioavailability in obesity is a signifi-
cant consequence of the reactions between free radicals and NO. Reactive oxygen 
species such as the superoxide anion react with nitric oxide to produce peroxyni-
trite and deplete endothelial NO levels. The role of nitric oxide in vessel tone 
modulation and its fate in inflammatory diseases have been extensively reviewed 
by Jin and Loscalzo [101]. We now know that PVAT is a source of NO which con-
tributes to the PVAT vasorelaxant function, but in obesity, the generation of ROS 
depletes this vital source of NO; the microvessel is faced with reduced NO bio-
availability from both outside the vessel, the PVAT, and inside, the endothelium.

There is a close correlation between obesity, obstructive sleep apnoea (OSA) and 
hypertension. There is a dose-response relationship between sleep-disordered 
breathing and hypertension, independent of confounding factors [102]. Almost half 
of all hypertensive patients suffer from sleep apnoea, and half of all sleep apnoea 
patients are hypertensive [86]. Whilst fat deposition around the upper airway in 
obesity is thought to be the most significant contributor to the development of OSA 
in obesity, there are a number of potential mechanisms linking OSA with hyperten-
sion, including endothelial dysfunction, CNS stimulation, oxidative stress and 
inflammation [103]. The most significant factor is thought to be the elevated oxida-
tive stress levels initiated by intermittent hypoxia, coupled with hyperleptinaemia 
[104] with its direct stimulatory effects on the sympathetic nervous system. The 
elevated levels of aldosterone in OSA also correlate with severity of OSA. Once 
again, this highlights the significance of ROS and aldosterone generation, both of 
which are generated by hypoxic and inflamed adipocytes.

20.7	 �Sympathetic Nerves Within PVAT

PVAT is innervated by nerves from the sympathetic nervous system. Obesity has a 
differential effect on local SNS activity. Hypertensive obese individuals show an 
increased sympathetic activity in both cardiac and renal nerves [105].There is also 
evidence of central stimulation of the SNS by reactive oxygen species, the levels of 
which are raised in obesity. Animal studies suggest that NADPH oxidase-dependent 
oxidative stress in the brain may be a cause of increased sympathetic tone leading to 
hypertension in high-fat fed animals [106].

The heightened sympathetic state in obesity and presence of nerve endings 
within PVAT have led to further evaluation of the effects of SNS on PVAT using 
electric field stimulation (EFS) protocols. Work by Gao et al. has shown that super-
oxide generated by NADPH oxidase in response to electric field stimulation 
enhances the contractile response of adjacent small arteries [107]. It has been shown 
that candesartan (angiotensin II type 1 receptor antagonist) reduces this PVAT-
mediated potentiation of EFS-induced contractile response, thus providing another 
potential explanation for the increased vascular resistance in obesity where there are 
both increased sympathetic nerve activity and increased angiotensin II levels [108].
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Circulating adiponectin levels also increase by nearly 70% post gastric bypass and 
by around 36% post gastric banding procedures. The greatest increase is after the loss 
of 35% of the original body weight, with a strong correlation between percentage 
increase in adiponectin levels and percentage decrease in BMI [109]. This is not true 
of weight loss by other surgical means. After liposuction, despite a 10% weight reduc-
tion, no improvements in adiponectin or insulin resistance have been noted [110]. This 
is likely due to the differing qualities of adipose tissue depots with visceral fat exhibit-
ing a more inflammatory profile as compared with subcutaneous adipose tissue [111].

Weight loss or bariatric surgery remains the most reliable means to achieve and 
maintain significant weight loss. Bariatric surgery has also been shown to improve 
the inflammatory profile of obese individuals [112]. In subcutaneous adipose tissue, 
the expression of IL-6 and TNF-α mRNA decreases significantly, and expression of 
adiponectin and its receptors increases after dramatic weight loss post surgery [113]. 
The significant degree of weight loss, together with improvements in adipokine and 
inflammatory cytokine profile, as well as resolution or improvement in diabetes sta-
tus [114] makes this an invaluable procedure in those suffering from morbid obesity 
and its sequelae. We have reported that 6 months following significant weight loss 
post bariatric surgery, PVAT regains its vasorelaxant function, despite the individuals 
still weighing in the obese category. This shows that there is more to weight loss than 
purely loss of mass, and other factors such as the reduced adipocyte size and a reduc-
tion in PVAT inflammation as a consequence of a more balanced oxygen supply may 
be the fundamental trigger leading to our observation [45].

Vitamin D is a perfect example to highlight the need for tissue-specific or tissue-
targeted therapies, given that it can suppress renin transcription, and transgenic ani-
mals devoid of vitamin D receptor develop hypertension, but they remain lean with 
smaller adipocytes on a high-fat diet. Overexpression of the receptors on adipocytes 
leads to a suppression of lipolysis, thermogenesis and resultant obesity [115, 116]. 
This is a perfect example of the challenges facing researchers trying to identify a 
molecule that can treat one condition without causing detrimental off-target effects. 
The (re)search continues.

�Conclusion

Perivascular adipose tissue plays a crucial role in modulating vessel tone and 
blood glucose homeostasis. In obesity, PVAT is damaged and dysfunctional. 
Rescuing the damaged PVAT and restoring the healthy PVAT phenotype before 
the onset of hypertension and diabetes should be the focus of future studies.
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21.1	 �Introduction

Nitric oxide (NO) is produced from the amino acid l-arginine by an enzyme called 
NO synthase (NOS) and represents a key molecule regulating vascular homeostasis 
[1]. Cofactors, such as nicotinamide adenine dinucleotide phosphate, flavin mono-
nucleotide, flavin adenine dinucleotide, tetrabiopterin and heme, are necessary for 
NOS activity. NOS is present in three isoforms in different tissues: neuronal NOS, 
inducible NOS and endothelial NOS (eNOS). The latter is a constitutive enzyme 
isoform, first discovered in endothelial cells. The activity of eNOS, as well as NO 
release from the endothelium, is stimulated by receptor-mediated mechanisms (ace-
tylcholine, bradykinin, serotonin, substance P, adenosine diphosphate) but also by 
mechanical stimuli (Fig. 21.1). In particular shear stress, namely, tangential cyclic 
stress generated on vascular walls by blood flow, is the most powerful mechanism 
of stimulated NO release. In turn, main stimuli with a negative influence on eNOS 
expression are hypoxia, tumour necrosis factor-α and inflammatory cytokines. False 
eNOS substrates, such as N-monomethyl-l-arginine (l-NMMA), can also reduce 
NO bioavailability and are commonly used to test the degree of endothelium-depen-
dent vasodilation [2].

Endothelial dysfunction is detected in several pathological conditions and is 
characterised by an imbalance between substances with vasodilating, antimito-
genic and anti-thrombogenic properties and substances with vasoconstricting, 
prothrombotic and proliferative characteristics (also known with the generic term 
endothelium-derived contracting factors, EDCFs) (Fig. 21.1). Thus, given that NO 
exerts vasodilatory action on vascular smooth muscle cells but also inhibits plate-
let adhesion and aggregation, leukocyte adhesion and migration as well as smooth 
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muscle cell proliferation [3], it appears evident that reduced NO bioavailability in 
the vasculature is the main pathophysiological alteration encountered in endothelial 
dysfunction.

21.2	 �How to Assess Endothelial Function

Different techniques have been developed to assess vascular properties in humans, 
including biochemical and genetic markers, as well as vascular reactivity tests [4].

The first demonstration of endothelial dysfunction in atherosclerotic coronary 
arteries dates back to 1986 [5]. Later, peripheral vascular beds that were easily 
accessible, such as the upper limbs, were interrogated to assess the presence and 
severity of endothelial dysfunction in humans, using minimally invasive or non-
invasive techniques [4]. While each approach has its advantages and disadvan-
tages, as well as its peculiar characteristics (Table 21.1), all these vascular tests 
are based on the same principle. In healthy conditions, arteries dilate in response 
to non-pharmacological (i.e. reactive hyperemia) or pharmacological stimuli 
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Fig. 21.1  Nitric oxide (NO) and other endothelium-derived factors and their role in vascular 
homeostasis. TGF transforming growth factor, AT angiotensin, ATG angiotensinogen, ET endothe-
lin, ACE angiotensin converting enzyme, TX thromboxane, PG prostaglandin, NADPH nicotin-
amide dinucleotide phosphate, eNOS endothelial NO synthase, l-Arg l-Arginine, Ach acetylcholine, 
ADP adenosine diphosphate, cGMP cyclic guanosine monophosphate, EDHF endothelium-
derived hyperpolarizing factors, 5-HT serotonin, BK Bradykinin. From [2], with permission
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Table 21.1  Advantages and disadvantages of the most commonly used techniques to assess endo-
thelial function

Technique Vascular bed Advantages Disadvantages
Stimulus 
(examples)

Coronary 
epicardial 
vasoreactivity 
(quantitative 
coronary 
angiography)

Epicardial 
macrovascular
Conduit arteries

Assessment directly 
in the coronary 
vascular bed
Gold standard

Invasive
Expensive
Time consuming
Limited to those 
undergoing 
coronary 
angiography

Ach
Exercise
Pacing
Cold Pressor 
Test

Coronary 
microvascular 
function (Doppler 
wire)

Coronary 
microvascular
Resistance 
arteries

Assessment directly 
in the coronary 
microvasculature

Invasive
Expensive
Time consuming
Limited to those 
undergoing 
coronary 
angiography

Ach
Adenosine
Papaverine

Coronary 
microvascular 
function (PET)

Coronary 
microvascular

Coronary district 
assessment
Non-invasive

Less 
endothelium-
specific

Adenosine/
dipyridamole
Cold pressor 
test
Mental stress

Venous occlusion 
plethysmography

Forearm 
vasculature
Microvasculature

Easy access
Vasoactive 
substances infused 
to generate a 
dose-response 
relationship
Contralateral arm as 
a control
Accurate and 
reproducible

Invasive 
(cannulation of 
the brachial 
artery)
Time consuming
Challenging for 
serial 
measurements

Ach and other 
vasoactive 
substances

Flow-mediated 
dilation

Brachial artery
Conduit artery

Easy access
Correlation with 
invasive epicardial 
vascular function
Many outcome 
studies
Inexpensive
Possibility to assess 
other important 
parameters (flow, 
baseline arterial 
diameter, flow-
mediated 
constriction)

Challenging to 
perform well
Disparate 
protocols for 
performance and 
standardisations
Need for 
standardisation

Reactive 
Hyperemia

Peripheral arterial 
tonometry

Peripheral 
arteries

Non-invasive, easy 
to use,
not user-dependent,
automatic analysis,
reliable and 
reproducible

Expense of
disposable
finger probes
Less 
endothelium-
specific

Reactive 
Hyperemia

Ach Acetylcholine. Adapted from Flammer AJ et al., and [71], with permission
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(acetylcholine, bradykinin or serotonin) (Fig. 21.1). In disease states the vasodila-
tion induced by these stimuli is reduced or absent, as a result of a reduced NO 
availability. Endothelium-dependent responses should always be compared to 
endothelium-independent responses (obtained by exogenous NO donors or other 
vasodilators), to exclude structural vascular alterations and alterations in smooth 
muscles cells.

21.2.1	 �Invasive Techniques

21.2.1.1	 �Coronary Epicardial Function and Microvascular Function
Endothelial function can be measured in epicardial as well as resistance coronary 
vessels using several methods. Although these methods are limited by the invasive 
nature, their advantage is to measure endothelial function directly in this clinically 
important vascular bed.

The epicardial endothelial function is evaluated by quantitative coronary angiog-
raphy or intravascular ultrasound, measuring changes in vessel diameter and cross-
sectional area in response to endothelium-dependent stimuli. After acetylcholine 
infusion, vessels and segments with an intact endothelium vasodilate, whereas ves-
sels and segments with dysfunctional or disrupted endothelium, will respond with 
vasoconstriction due to a direct activation of muscarinic receptors on vascular 
smooth muscle cells [5].

Changes in coronary or myocardial blood flow in response to endothelium-
dependent vasodilators can be used as a surrogate parameter for microvascular 
function [6]. Other methods to estimate microvascular function have been intro-
duced, such as the measurement of the number of cineangiographic frames that it 
takes to fill a distal vessel with a proximal injection of contrast (the so-called cor-
rected TIMI frame count) [7]. Recently, non-invasive functional tests have been 
developed, among them positron emission tomography, myocardial perfusion imag-
ing, blood oxygen level-dependent (BOLD) MRI and echocardiography [8].

21.2.1.2	 �Peripheral Microcirculation
Venous plethysmography is a semi-invasive technique providing information on the 
changes in forearm blood volume before and after infusion of vasoactive substances 
into a cannulated brachial artery, with virtually no systemic effects. Thus, this tech-
nique allows the accurate exploration of microvascular pathophysiological mecha-
nisms in health and disease [9]. Furthermore, endothelial function in the forearm 
microcirculation correlated well with that of the cardiac district [10].

Subcutaneous microcirculation can be studied using the Halpern-Mulvany myo-
graph system, an in vitro ex vivo technique [11]. This technique allows to assess 
functional characteristics of isolated resistance arterioles (lumen diameter 150–
300 μm), taken from subcutaneous tissue obtained by skin biopsies. Once cleaned 
of adherent connective tissue, vessels are investigated with the “wire myograph” or 
the “pressure myograph”. The first technique implies that two wires are threaded 
through the vessel, while in the pressurised system, the artery is slipped into two 
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glass microcannula and exposed to a constant pressure. Both techniques have docu-
mented a reduced endothelial function in small subcutaneous arteries of hyperten-
sive patients [12]. As an in vitro technique, such methodology allows exploration of 
several pathways and testing of many compounds not applicable in vivo, although 
the prognostic value of endothelial dysfunction in isolated small vessels from hyper-
tensive patients is still under debate.

21.2.2	 �Non-invasive Techniques

Non-invasive techniques to assess macrovascular as well as microvascular endothe-
lial function in peripheral arteries have been developed. These measurements have 
been shown to correlate reasonably with coronary vascular function, confirming 
that endothelial dysfunction is a systemic condition [13, 14].

21.2.2.1	 �Flow-Mediated Vasodilation of Brachial Artery
Among different techniques measuring endothelial function, brachial artery flow-
mediated dilation (FMD) is one of the most used for its non-invasiveness. This 
technique is based on the physiological response of endothelial cells to shear stress 
that stimulates production of NO and other endothelium-derived relaxing factors, 
ultimately leading to vasodilation [15]. FMD involves measurement, by means of 
high-resolution ultrasound, of the change in diameter of a conduit artery (the bra-
chial or radial artery) in response to increased flow, typically induced by a period of 
ischaemia in the distal circulatory bed [4]. Accordingly, FMD is a tool for examin-
ing the pathophysiology of CVD, identifying subjects at increased risk for future 
CV events, but also has merit in examining the impact of physiological and pharma-
cological interventions in humans. In recent years, a large number of studies dem-
onstrated the prognostic value of brachial artery FMD for prediction of CV events, 
as summarised in several meta-analyses [16].

Despite concerns about its reproducibility, strong evidence shows that highly 
reliable FMD measurements are achieved when specialised laboratories follow 
strict standardised protocols [12].

21.2.2.2	 �Finger Plethysmography
Another technique which can be used to assess endothelial function is peripheral 
arterial tonometry, which is based on the finger arterial pulse wave amplitude 
(EndoPAT, Itamar Medical) [17]. Augmentation of the pulse amplitude after 
reactive hyperemia relies on the complex vascular response that also involves 
NO. As such, the EndoPAT has been suggested as a reliable measure of endothe-
lial function [18].

Similar to the assessment of endothelial function with FMD, a pressure cuff is 
placed on one arm, and after obtaining baseline blood volume changes, the blood 
pressure cuff is inflated above systolic pressure and deflated after 5 min to induce 
reactive hyperemia on the same arm. The main advantages of the system are the use 
of the contralateral arm as an internal control and the nonoperator dependency.
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However, to date a number of methodological, pathophysiological and clinical 
aspects still need to be clarified before the future and possible application of this 
user-friendly technique will be defined [19].

21.3	 �Endothelial Dysfunction: Clinical Aspects

21.3.1	 �Endothelial Function and Cardiovascular Risk Factors

Endothelial dysfunction, involving both micro- and macrocirculation of car-
diac and peripheral districts, is a common trait of essentially all cardiovascular 
risk factors [20]. Impaired endothelial homeostasis (commonly detected in the 
form of an abnormal vasomotor response) is observed with ageing, after chronic 
or acute smoking, in hypercholesterolemia or hypertriglyceridemia, in type I 
and II diabetes mellitus and in hypertension and metabolic syndrome [20]. A 
meta-analysis of 211 cross-sectional studies, including almost 12,000 patients, 
found a significant relationship between FMD and Framingham risk score, 
which is more evident in low-risk subjects [21]. Thus, endothelial dysfunction 
may represent the sum of the detrimental effect of these risk factors on vascular 
health.

Endothelial dysfunction is an early step in the pathogenesis of atherosclerosis. 
In a cross-sectional study in middle-aged healthy men, there is no evident correla-
tion between brachial FMD and the carotid intima-media thickness (IMT) [22], 
whereas FMD predicted IMT progression both in healthy subjects [23] and in 
hypertensive, postmenopausal women [24]. Similarly, endothelial function is not 
related to arterial stiffness, measured as pulse wave velocity, in healthy individu-
als [25], while the relationship is significant in patients with cardiovascular risk 
factors such as diabetes [26].

21.3.2	 �Endothelial Function and Cardiovascular Events

The presence of endothelial dysfunction is an independent predictor of all different 
type of clinical events. Its prognostic role has been demonstrated peripheral arterial 
diseases as well as coronary heart disease, independently from the endothelial stim-
ulus used to test vascular reactivity [27, 28]. Several studies have assessed whether 
endothelial function provides additional prognostic information to estimate the risk 
of cardiovascular disease compared to traditional risk factors and risk score algo-
rithms. In recent years, a large number of studies demonstrated the prognostic value 
of brachial artery FMD for prediction of CV events, as summarised in several meta-
analyses [16, 28–30]. These meta-analyses showed a significant pooled relative risk 
reduction of 8–13% in CV events per percent point increase in brachial FMD, 
despite the heterogeneity of study selection criteria populations included. This 
reduction was either similar in high- and low-risk populations [28, 30] or greater in 
patients with established CVD [16, 29].
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Several [31–35], but not all [36], population studies recognised the added value 
of the endothelial function in primary prevention. In the Multi-Ethnic Study of 
Atherosclerosis, FMD predicted future cardiovascular events, even after adjusting 
for the Framingham risk score [37]. Though the addition of FMD to the Framingham 
risk score did not improve c-statistics, it led to a significant reclassification improve-
ment of patients at low, intermediate or high cardiovascular risk for cardiovascular 
disease when compared to the Framingham risk score alone [37].

Taken together, these studies indicate that the measure of endothelial function 
adds additional information to the patient cardiovascular risk stratification, going 
beyond the detrimental effects of classical cardiovascular risk factors on endothe-
lium. New variables reflecting different aspects of vascular function might also have 
predictive value. Both hyperemia-induced shear stress and velocity changes showed 
even stronger correlations with the presence of cardiovascular risk factors than 
FMD [38]. In the FATE study, which included 1574 middle-aged, apparently healthy 
men at low cardiovascular risk, hyperemic velocity in the brachial artery, but not 
FMD, was associated with future clinical events, independently from Framingham 
risk score [39]. In another community-based cohort study, forearm microvascular 
endothelial function, assessed with Ach infusion, but not FMD, was associated with 
cardiovascular events in elderly patients, improving cardiovascular risk stratifica-
tion compared to the Framingham risk score alone [40]. Similarly, microvascular 
endothelial dysfunction, measured by peripheral arterial tonometry, predicted 
adverse cardiac events in 270 outpatients, independently from cardiovascular risk 
factors [41]. Despite endothelial function measurements are not yet recommended 
by guidelines for cardiovascular prevention [42, 43], these studies, together with 
advances in the standardisation of non-invasive approaches, might make the assess-
ment of endothelial function an important tool to refine cardiovascular risk stratifi-
cation in clinical practice in the future.

21.4	 �Endothelial Function in Essential Hypertension

Several studies have demonstrated that endothelial dysfunction is a hallmark of 
arterial hypertension [44], but it is not a consequence of high blood pressure values 
[45]. Indeed, impaired endothelium-dependent vasodilation is observed in young 
offspring of hypertensive subjects despite the presence of normal blood pressure 
values [46]. In addition, there is no relationship between endothelium-dependent 
relaxation and blood pressure values; such a relationship is instead observed with 
levels of LDL-cholesterol [47, 48]. Finally, the simple reduction of blood pressure 
does not restore or improve endothelium-dependent vasodilation [49, 50]. The ben-
eficial effect on endothelial function observed for different classes of antihyperten-
sive medications is independent on blood pressure normalisation and likely related 
to specific pleiotropic effects of a drug or classes of drugs. Collectively, this evi-
dence suggests that endothelial dysfunction may precede the onset of hypertension, 
does not reflect the severity of the disease and should not be used to monitor the 
efficacy of blood pressure lowering treatment.
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An increased production of reactive oxygen species (ROS) and elevated vascular 
wall oxidative stress are important determinants of endothelial dysfunction in 
hypertension [9]. ROS, mainly superoxide anions, consist of radical and non-radical 
oxygen species formed by the partial reduction of oxygen. They rapidly react with 
NO producing peroxynitrites, thus reducing NO availability (Fig. 21.1) [2]. In addi-
tion, peroxynitrites have several negative effects on vascular function and structure. 
The importance of ROS in mediating endothelial dysfunction is confirmed by the 
evidence that infusion of ROS scavengers, such as vitamin C, can acutely restore 
NO bioavailability and improve endothelium-dependent vasodilation in hyperten-
sive patients [9]. Several enzymatic and nonenzymatic sources of ROS have been 
described within the arterial wall, including NAD(P)H-oxidase, xanthine oxidase, 
cyclooxygenase and uncoupled endothelial NO synthase [51] (Fig. 21.1). In clinical 
conditions characterised by reduced NO-dependent vasodilation, such as essential 
hypertension, the endothelium produces another relaxing factor, known as an endo-
thelium-derived hyperpolarising factor (EDHF). This controls vasomotor tone 
inducing the opening of the smooth muscle large-conductance KCa channels, there-
fore promoting potassium efflux and hyperpolarisation of vascular smooth muscle 
cells [52] (Fig. 21.1).

21.4.1	 �Endothelium-Derived Contracting Factors: 
Human Evidence

The endothelium controls the vasomotor tone also by production of several vaso-
constricting agents, collectively identified as endothelium-derived contracting fac-
tors (EDCFs). These EDCFs might play an important role in controlling vasomotor 
tone in several pathological conditions, including essential hypertension [53].

The principal EDCF is endothelin-1 (ET-1), generated by the vascular endothe-
lium, which acts through specific ETA and ETB receptors. ETA receptors are 
located on smooth muscle cells and promote growth and contraction. ETB receptors 
are located on both endothelial and smooth muscle cells, with opposite effects. 
Activation of smooth muscle cell ETB evokes contraction, whereas activation of 
endothelial ETB induces relaxation [54]. The overall biological effect of these acti-
vated receptors on the vasculature results from the balance between their protective 
and deleterious effects. By utilising the isolated forearm technique, an increased 
vasoconstrictor activity of endogenous ET-1 was demonstrated in essential hyper-
tensive patients in comparison to normotensive individuals [54].

Endoperoxides derived from the metabolism of arachidonic acid by COX activ-
ity represent other important EDCFs [55]. Human and animal experiments confirm 
the role of COX in mediating endothelial dysfunction in hypertension. For example, 
the production of ROS following acetylcholine infusion in spontaneously hyperten-
sive rat aorta is prevented by indomethacin, suggesting COX as a main source of 
ROS in such conditions. In turn, ROS can amplify the EDCF-mediated effect, either 
by triggering EDCF-mediated responses or indirectly by reducing the availability of 
NO, thus favouring the occurrence of EDCF response [55, 56].
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21.4.2	 �The Source of EDCFs

Several animal experiments confirm that the metabolism of arachidonic acid via 
endothelial COX generates molecules which contribute to endothelium-dependent 
vasoconstriction. These COX-derived EDCFs diffuse to the underlying vascular 
smooth muscle cells and, through the activation of specific receptors (TP receptors), 
induce smooth muscle cell contraction [57]. Accordingly, most COX-mediated 
EDCFs effects are inhibited by TP-receptor antagonists [58, 59].

Most of the available data on EDCFs in humans have been obtained in essential 
hypertensive patients. As already mentioned, human hypertension is associated with 
a reduced NO availability [44]. The first experiments assessing the role of EDCFs 
on endothelial dysfunction in the forearm microcirculation of essential hypertensive 
patients demonstrated that intraarterial administration of the COX inhibitor indo-
methacin improved the vasodilation to acetylcholine and restored the inhibitory 
effect of l-NMMA on that response, indicating that COX generates substances that 
reduce the availability of NO [60]. Moreover, intraarterial infusion of the ROS scav-
enger ascorbic acid evoked similar effect as indomethacin in these patients, with no 
further potentiation of the vasodilatory response when the two compounds were 
confused [9]. These findings demonstrate that the COX pathway is a source of ROS 
in essential hypertension. Of note, COX-inhibition failed to affect the acetylcholine-
induced relaxation in the forearm microcirculation of patients with secondary forms 
of hypertension [61], thus suggesting that EDCFs production is not a consequence 
of a mere blood pressure increase, but might be genetically related to essential 
hypertension.

21.4.3	 �Vascular COX-2 Isoform

There are two different isoforms of COX: COX-1 and COX-2 [62]. In most tissues, 
COX-1 is constitutively expressed, accounting for a baseline production of physiolog-
ical prostanoids, while COX-2 is often induced by a number of stimuli, including 
inflammation or growth factors [63]. Nevertheless, endothelial and vascular smooth 
muscle cells constitutively express both isoforms, with COX-1 being usually expressed 
to a greater extent than COX-2 [63]. Recently, we investigated which COX isoform 
contributes to ROS generation in human hypertension. Using small resistance arteries 
from hypertensive patients, we showed that the blunted vascular response to acetyl-
choline was not improved by the COX-1 inhibitor SC-560, while it was significantly 
enhanced by the selective COX-2 inhibitor Dup-697, which also partially restored the 
inhibitory effect of l-NAME on acetylcholine [40]. In addition, we documented an 
augmented COX-2 protein expression in vessels from these patients, with a marked 
upregulation of COX-2 mainly in the vascular media layer [55]. These alterations in 
COX-2 expression were accompanied by an increased concentration of vascular 
superoxide anions, which was dramatically reduced after incubation with the selective 
COX-2 inhibitor and moderately blunted by the antioxidant apocynin. These data pro-
vided the first evidence that in small arteries isolated from essential hypertensive 
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patients, COX-2 is overexpressed and hyperactivated, playing a major role in reducing 
NO availability by increasing vascular levels of superoxide anions. In addition, as 
apocynin is a selective inhibitor of the NAD(P)H-oxidase, our data suggested that this 
enzyme is likely to account for most of the increased superoxide anion production 
observed in small arteries of hypertensive patients as a result of COX-2 hyperactiva-
tion. Other evidence has since confirmed the role of COX-2 as a major source of ROS 
generation in essential hypertension (Fig. 21.2).

21.4.4	 �Endothelial Dysfunction and Ageing

Ageing per se is the most powerful determinant of endothelial dysfunction and is 
accompanied by a progressive worsening of NO availability in resistance vessels 
[12, 64, 65] (Fig. 21.2). The earliest alteration of vascular homeostasis accounting 
for the endothelial dysfunction observed with ageing is a reduced availability of 
l-arginine, the substrate necessary for NO production by the eNOS. Indeed, l-argi-
nine supplementation improves endothelial dysfunction in young adults (<30 years) 
[64]. With advancing age, however, along with the impaired l-arginine-NO pathway, 
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COX-dependent EDCF production becomes the prominent pathway accounting for 
age-related endothelial dysfunction. Indeed, in middle-aged adults (31–45 years), 
indomethacin or vitamin C begins to show some effect on endothelial-dependent 
vasodilation. This effect becomes highly significant in late adult and elderly patients 
(46–60 and >60 years) [64]. Such age-related transition in the pathways account-
ing for endothelial dysfunction is anticipated by hypertension, as confirmed by the 
evidence of an increased production of COX-dependent EDCFs and ROS in the 
vascular wall of hypertensive compared to normotensive subjects.

In conclusion, ageing is an important factor altering endothelium-dependent 
vasodilation. The most important mechanisms accounting for age-related endothe-
lial dysfunction include a defect in the l-arginine-NO pathway and an upregulated 
production of COX-dependent EDCFs. Whereas in normotensive subjects the age-
related alteration of both NO and EDCF production is detected only in old age, in 
patients with hypertension, these pathways seem to be altered early and to anticipate 
the age-related increase of blood pressure values through accelerated vascular 
remodelling.

21.5	 �Endothelial Dysfunction in Prehypertension

Considering the evidence that endothelial dysfunction can precede the onset of 
hypertension, it is conceivable that prehypertension might be characterised by a 
generalised endothelial alteration.

In line with this possibility, a study from Weil et al. [66] confirms the presence of 
impaired endothelium-dependent vasodilation in patients with prehypertension and 
that this alteration is characterised by a reduced NO availability. Using the perfused 
forearm technique, the authors demonstrated that the vasodilation to acetylcholine 
is significantly lower (around 30%) in prehypertensive patients as compared to 
matched normotensive subjects. Because the response to sodium nitroprusside was 
similar in the two study subgroups, the altered response to acetylcholine must be 
considered specific for an altered endothelial cell function, resulting in a compro-
mised microvascular reactivity. Remarkably, infusion of l-NMMA, an eNOS antag-
onist, significantly blunted the vasodilating effect of acetylcholine in healthy 
controls but did not cause changes prehypertensive patients. These results demon-
strate that prehypertension is characterised by impaired endothelium-dependent 
vasodilation caused by impaired NO availability, an alteration which is commonly 
observed in patients with established essential hypertension.

Over and above the role of intracellular pathways, an altered repair capacity by 
the endothelial progenitor cells (EPCs) is also associated with the endothelial dys-
function observed in prehypertension. Giannotti G et  al. [67] demonstrated that 
in vivo endothelial repair capacity of early EPCs is reduced in patients with prehy-
pertension, due to early cellular senescence, and is related to impaired endothelial 
function, assessed by brachial artery FMD.  Importantly, the authors showed that 
similar alterations were detectable in a matched group of patients with hyperten-
sion, although they were more severe compared to prehypertensive subjects. 
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Whether endothelial dysfunction is cause or consequence of an altered EPCs repair 
capacity in prehypertension remains unknown. Indeed, a reduced NO availability 
typically observed in endothelial dysfunction compromises EPCs mobilisation from 
the bone marrow as well as their maturation. This is confirmed by studies conducted 
in premenopausal women, in whom EPCs function and mobilisation in prehyper-
tension remain unchanged due to a preserved NO availability [68]. We confirmed 
the ability of endogenous oestrogen to protect endothelium-dependent relaxation 
from the age-related endothelial dysfunction which characterises hypertensive 
women [69].

Some study has also documented a contribution of ET system to the endothelial 
dysfunction observed in prehypertensive patients. Infusion of BQ-123, a selective 
ETA receptor antagonist, causes a greater increase in the forearm blood flow of 
prehypertensive patients as compared to healthy controls [70], demonstrating an 
increase of the ETA-mediated vasoconstrictor tone in prehypertension.

�Conclusions
There is increasing evidence that endothelial dysfunction (1) is associated with 
almost all cardiovascular risk factors; (2) precedes the development of athero-
sclerosis; (3) predicts cardiovascular events independently of classical risk 
scores; (4) might identify a subset of patients in which conventional treatment is 
not sufficient; and (5) accompanies prehypertension. After three decades of 
research, non-invasive techniques for endothelial function assessment are finally 
reaching solid standardisation and good reproducibility. Thus, although by now 
endothelial function assessment is not recommended by current guidelines, it 
might have promising clinical applications in several settings.
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22Prehypertension and the Renin-
Angiotensin-Aldosterone System

Elena Kaschina and Thomas Unger

22.1	 �Introduction

The renin-angiotensin system (RAS) plays a central role in blood pressure regula-
tion. The main effector peptides of this system, the octapeptide angiotensin II (Ang 
II; Ang 1–8) and the heptapeptide angiotensin III (Ang III; Ang 2–8), act at least on 
four different receptor subtypes (ATR 1–4). Most of the classical angiotensin actions 
are mediated by the AT1 receptor (AT1R). They include generalized vasoconstric-
tion, increased release of noradrenaline, stimulation of proximal tubular reabsorp-
tion of sodium ions, secretion of aldosterone from the adrenal cortex, and cell 
growth in the arterial wall and in the heart [1]. Ang II induces endothelial dysfunc-
tion, activates prooxidant and proinflammatory processes, and promotes cardiovas-
cular remodeling, thus contributing to vascular tone regulation as well as to the 
development and progression of hypertension [2, 3].

In the past two decades, novel RAS peptides and receptors have been identified, 
including the angiotensin AT2 receptor (AT2R), angiotensin-converting enzyme 2 
(ACE2), and Ang (1–7) with its G-protein-coupled receptor Mas. The AT2R and the 
MasR form heterodimers and are functionally closely related [4]. These compo-
nents are considered as the “protective arm” of RAS because they mainly activate 
opposing actions compared to those mediated by the AT1R.
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Prehypertension is characterized by functional and structural changes in the 
microcirculation. A reduction of small arterial elasticity, the earliest predictor for 
hypertension development [5], along with endothelial dysfunction, nitric oxide defi-
ciency, accumulation of extracellular matrix, and inflammation, contributes to early 
vascular remodeling. Increased circulating and local expression of RAS compo-
nents in the vasculature and subsequently enhanced Ang II production are involved 
in these pathological processes [6]. Experimental studies in “prehypertensive” rats 
provided first evidence for the unique effect of RAS interaction on vasculature and 
blood pressure: Inhibiting the RAS by ACE inhibitors or angiotensin AT1 receptor 
antagonists (ARBs) prevented the progression of hypertension and vascular remod-
eling in young “prehypertensive” spontaneously hypertensive rats (SHR) [7–12]. 
Later on, investigations in humans [13–15] provided evidence that interfering with 
the RAS not only lowered blood pressure but also improved vascular factors deter-
mining vascular tone.

The present overview deals with the role of “harmful” and “protective” arms of 
RAS in prehypertension particularly in the context of early vascular remodeling. 
Furthermore, studies on pharmacological blockade of the RAS in prehypertensive 
humans are discussed.

22.2	 �Classical Renin-Angiotensin System

22.2.1	 �AT1 Receptor

Ang II constricts precapillary arterioles by activating AT1 receptors of vascular 
smooth muscle cells (VSMC). Direct vasoconstriction in the kidney leads to 
reduced renal flow and subsequent efferent arteriole constriction resulting in 
increased filtration pressure. Blood pressure-driven diuresis and sodium excretion 
generate a feedback loop on renin release. Furthermore, Ang II facilitates periph-
eral noradrenergic neurotransmission by augmenting norepinephrine release from 
sympathetic nerve terminals and by enhancing the vascular response to norepi-
nephrine. This facilitating effect is mediated by presynaptically localized AT1 
receptors [16]. Expression of endothelin-1 in response to Ang II also contributes to 
vasoconstriction [17] (Fig. 22.1).

The pathophysiological mechanisms of vascular remodeling are attributed to an 
Ang II-dependent increase of NAD(P)H oxidase activity via the AT1R in endothe-
lial and VSMCs [18, 19], thereby stimulating reactive oxygen species (ROS) and 
nitrogen (RNS) formation in the vessel wall [20]. ROS products such as superoxide 
and H2O2 may activate mitogen-activated protein kinases, tyrosine kinases, phos-
phatases, calcium channels, and redox-sensitive transcription factors [20]. Activation 
of these signaling pathways results in cell growth and expression of proinflamma-
tory genes.

Above hypertrophic effects on the vascular wall, actions of Ang II mediated by 
ROS include vasoconstriction and decreased vasodilatation. The ROS, which is gen-
erated especially by NAD(P)H oxidase, causes lipid peroxidation and generation 
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of various vasoconstricting molecules such as F2 isoprostanes. On the other hand, 
ROS/RNS reduce the availability of the major vasodilator NO by reacting with 
superoxide [21].

Furthermore, via AT1R activation, Ang II controls cellular growth, migration, 
and intercellular matrix deposition and hence influences chronic adaptive changes 
in vascular growth and remodeling. Ang II stimulates the accumulation of extracel-
lular matrix proteins, like collagen, elastin, fibrillin, fibronectin, and proteoglycans, 
which induce a phenotype switch in VSMC from contractile to proliferative/syn-
thetic [22].

22.2.2	 �Vasopressin

Acting on AT1 receptors in hypothalamus and brainstem, Ang II or Ang III influ-
ence drinking behavior, sodium intake, natriuresis, and vasopressin release [23]. 
Vasopressin, an antidiuretic hormone, induces volume expansion followed by eleva-
tion of blood pressure. The pressor and antidiuretic actions are mediated by differ-
ent vasopressin receptor subtypes, V1a, V1b, and the V2 receptors (V1aR, V1bR, 
V2R). The V1aR are expressed abundantly in the vascular smooth muscle cells, and 
their stimulation is responsible for the vasopressor effect. Blockade of the V1aR for 
4 weeks in prehypertensive SHR could attenuate the development of hypertension 
in adult SHR [24]. This was recently supported by an increase of plasma vasopres-
sin and of renal V1aR gene and protein expressions parallel to hypertension 
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development in SHR [25]. However, in well-hydrated volunteers and in patients 
with a mild form of essential hypertension, V1R blockade did not alter blood pres-
sure [26, 27]. Thus, the potential contribution of vasopressin to the development of 
hypertension from prehypertension requires further investigations.

22.2.3	 �Aldosterone

In 1958, Franz Gross postulated a physiological link between the RAS and aldoste-
rone secretion in the zona glomerulosa of the adrenal gland [28]. Later on, several 
groups of investigators confirmed that Ang II stimulates aldosterone secretion [29]. 
Aldosterone, the primary mineralocorticoid, acts via the mineralocorticoid recep-
tors (MR) in the kidneys and plays a central role in the regulation of blood pressure, 
blood volume, and salt household. Importantly, aldosterone contributes to the patho-
genesis of hypertension beyond primary aldosteronism via several pathogenetic 
pathways, e.g., renal sodium and water retention, increased peripheral resistance, 
and stimulation of the sympathetic nervous system [30]. Since aldosterone levels 
within the upper part of the physiological range predispose normotensive subjects 
to the development of hypertension [31], it can be assumed that aldosterone also 
contributes to prehypertension.

The effects of aldosterone on blood pressure regulation extend beyond 
increased intravascular fluid retention and volume overload. Aldosterone modu-
lates vascular tone by upregulation of the AT1R, by limiting bioavailability of 
endothelial NO, by increasing pressor responses to catecholamines, and by 
impairing the vasodilatory response to acetylcholine [32]. In addition, aldosterone 
excess activates inflammation and oxidative stress alters fibrinolysis by increasing 
plasminogen activator inhibitor-1 expression [33] and promotes vascular hyper-
trophy followed by increased arterial stiffness [34]. All these cellular pathways, 
regulated by aldosterone via the MR and by Ang II via its AT1R, can reinforce 
each other [35].

In an experimental model of prehypertension in young SHR, treatment with the 
MR antagonist, spironolactone resulted in prolonged blood pressure reduction and 
decreased collagen deposition [36]. Nevertheless, compared to the AT1R antago-
nist, losartan, the transient effect of spironolactone treatment was less impressive.

22.3	 �“Protective” Arm of the RAS

Recently, attention has been paid to the “protective” arm of RAS [37] that consists 
of several angiotensin peptides and their fragments and receptors with actions at 
least partly opposing the classical RAS concept. Some of these angiotensin pep-
tides, related enzymes, and receptors are of particular interest because they play a 
protective role in the cardiovascular system.

Angiotensin-converting enzyme 2 (ACE2) has been described to be a potent neg-
ative regulator of the RAS, counterbalancing the multiple functions of ACE [38]. 
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ACE2 converts the decapeptide, angiotensin I, to angiotensin Ang (1–9), which can 
be further converted by ACE to a shorter peptide, Ang (1–7). Alternatively, Ang 
(1–7) can also be formed directly from Ang I via neutral endopeptidase (NEP, nepri-
lysin). Interestingly, in prehypertensive SHR, the ACE2 levels are reduced [39].

Ang (1–7) evokes a range of acute central and peripheral effects such as vasodi-
latation, inhibition of VSMC proliferation, and inhibition of vasopressin release 
[40]. Although some of these effects depend on the acute activation of eNOS or 
inhibition of NADPH oxidase [41, 42], others may point to a potential role of Ang 
(1–7) in endothelial regeneration [43].

Furthermore, Ang (1–7) is known to be the endogenous ligand for the Mas recep-
tor, a seven-transmembrane domain G-protein-coupled receptor sharing a 31% 
sequence identity with the AT2R [38, 44]. Other studies have suggested that the Mas 
receptor can heterodimerize with AT1R to inhibit the effects of Ang II [45]. A recent 
study shows heterodimerization and close functional relationship of the Mas R and 
the AT2R [4]. Mas receptor activation promotes often opposing effects to those of 
the AT1R such as anti-inflammation, antiproliferation [46], and blood pressure 
reduction as shown in DOCA-salt-induced hypertension in rats [47].

Ang IV (3–8) is formed via the cleavage of Ang III (Ang 2–8) by aminopeptidase 
B or N. Ang IV was reported to activate anti-inflammation and antiproliferation 
through a poorly defined AT4R and to induce vasodilatation and vascular protection 
via eNOS activation and subsequent NO release [48]. In addition, chronic treatment 
with Ang IV improved endothelial dysfunction in ApoE-deficient mice. This vaso-
protective effect most likely resulted from increased NO bioavailability [49].

The angiotensin AT2 receptor (AT2R) is much less expressed under basal condi-
tions compared to the AT1R. However, in cardiovascular diseases, such as hyper-
tension or left ventricular hypertrophy, the AT2R expression is upregulated [3, 50]. 
The AT2R is a seven-transmembrane domain G-coupled receptor [51] that acts via 
several intracellular signaling pathways such as NO/cGMP activation [52], inhibi-
tion of mitogen-activated protein kinases (MAPKs) by protein phosphatases [53], 
phospholipase A2 stimulation [54], or disruption of AT1R signaling by AT1R-AT2R 
heterodimerization [55]. Similar to the MasR, AT2R activation promotes often 
opposing effects to those of the AT1R such as anti-inflammation, vasodilatation, 
and cell proliferation [1]. Activated AT2R also inhibits sympathetic activity [56] 
and through the phosphorylation of MAP kinase counteracts AT1R-mediated 
actions [57]. Notably, the AT2R mediates activation of bradykinin/NO/cGMP sys-
tem in endothelial cells [58], in the heart [59] and in the aorta of prehypertensive 
stroke-prone spontaneously hypertensive rats (SHR-SP) [52]. In SHR-SP, the AT2-
mediated increase in aortic cGMP is mediated by bradykinin B2 receptors, which 
activate NO synthase, followed by NO production and formation of the cGMP. 
cGMP, in turn, exerts antihypertensive and tissue protective effects such as vasodi-
latation, natriuresis, and antigrowth [60]. In addition, AT2 knockout mice have 
slightly elevated blood pressure, low basal levels of renal bradykinin and cGMP, as 
well as low NO production [61]. Conversely, AT2 receptor overexpression acti-
vated the vascular kinin system and caused vasodilatation [62]. In humans, the 
AT2-mediated vasorelaxation has been directly demonstrated in isolated coronary 
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artery [63] and gluteal vasculatures [64]. Whereas acute vasodilator role of AT2R 
is well described, chronic decrease of blood pressure seems to be minimal after 
AT2R stimulation [65, 66].

Nevertheless, the AT2R has consistently been shown to be important in the 
prevention of vascular remodeling. In experimental studies performed in prehy-
pertensive rats, AT2R stimulation with a selective AT2R agonist, compound 21 
[67], reduced vascular fibrosis [68] and improved endothelial function and vascu-
lar composition by reducing oxidative stress, collagen content, fibronectin, and 
inflammatory cell infiltration [69]. AT2R stimulation also protected against 
nephropathy in doxorubicin-treated rats [70] and in 2K1C hypertension [71]. 
Furthermore, in a mouse model of type 1 diabetes, AT2R showed microvascular 
vasodilator properties [72].

In addition, AT2R exerts an anti-remodeling effect with regard to atherosclerotic 
lesions [73] and neointimal formation [74]. Iwai and colleague [75] demonstrated 
that AT2R/ApoE-double knockout mice fed a high-cholesterol diet display exagger-
ated atherosclerotic lesion development parallel with increased NADPH oxidase 
activity and superoxide production when compared to ApoE knockout mice. In 
humans, AT2Rs are expressed in the atherosclerotic and aneurysmatic lesions being 
mainly localized in the endothelium of vasa vasorum [76].

Taken collectively, an AT2 receptor-mediated increase in production of vasodila-
tors (nitric oxide, cGMP), as well as the antigrowth and antifibrotic and anti-inflam-
matory features of this receptor, might contribute to blood pressure lowering and 
prevent remodeling in prehypertension.

22.4	 �Pharmacological Blockade of the RAS 
in Prehypertension

In view of the above-described contribution of the RAS to pathological changes in 
the vasculature and other target organs, given the availability of pharmacological 
inhibitors of this system and stimulated by experimental data in spontaneous 
hypertensive rats [7, 11, 12], the idea was borne to delay or even prevent the devel-
opment of hypertension in prehypertensive individuals via pharmacological block-
ade of the RAS.

These considerations led to the conception of the so-called TROPHY (Trial of 
Preventing Hypertension) study “Feasibility of treating prehypertension with an 
angiotensin-receptor blocker” by Stevo Julius and colleagues [14]. The aim of this 
clinical trial was to investigate “… whether pharmacological treatment of prehyper-
tension prevents or postpones stage 1 hypertension.”

Participants with systolic blood pressure, between 130 and 139 mmHg and dia-
stolic blood pressures of 89 mmHg or lower, were treated for 2 years with the angio-
tensin AT1 receptor blocker, candesartan, or with placebo followed by placebo for 2 
years for both groups. When a participant became hypertensive (stage 1), he or she 
was continued on candesartan. Advice for “healthy living” to reduce blood pressure 
was given to both groups throughout the study.
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Data from 772 participants could be analyzed, roughly half and with respect to 
groups. During the first 2 years, 154 participants reached the endpoint in the placebo 
group, compared to only 53 participants in the candesartan group, corresponding to 
a risk reduction of more than 66%. After 4 years, 240 individuals had developed 
hypertension in the placebo group, compared to 208 in the candesartan group. Thus, 
there was still a significant risk reduction of 16% in the group that had been started 
on candesartan.

The results of this trial demonstrate, first, that prehypertension can indeed be 
considered a precursor of hypertension in a substantial number of individuals 
(nearly two thirds) and, second, that a period of early intervention with an inhibitor 
of the RAS can delay the appearance of hypertension.

While the design of this study appeared relatively straightforward and the results 
on first glance quite clear, TROPHY fueled a lot of discussion and received positive 
as well as negative critiques.

On the negative side, the authors were criticized for using an “odd clinical end-
point” [77]. Without going into too much detail here, this point was answered by the 
authors in a reappraisal of their outcome data using the criteria of the “Joint National 
Committee on Hypertension (JNC)” [78]. There were only very minor differences 
between this analysis and that of the original report.

Even more serious was the criticism that TROPHY did, according to scenarios 
developed by its authors in an interim report [79], not prevent or delay the develop-
ment of hypertension but instead caused a “slow unmasking” of hypertension [77]. 
Indeed, although the endpoints in both groups were still significantly different with 
less incidence of hypertension in the candesartan group, the slope of the cumulative 
incidence curve rose promptly after 2 years when candesartan treatment was 
replaced by placebo. Continuing on their respective slopes, the curves of both 
groups would have probably met after another 2 years or so. Thus, the study did 
indeed not show that hypertension can be prevented by a transient pharmacological 
intervention but that it can be delayed. The authors, although playing with the 
thought of prevention on several occasions, did not make this claim in the abstract 
of their original paper but just mention that “treatment with candesartan reduced the 
risk of incident hypertension during the study period” which is certainly not over-
interpreting the data.

The authors further conclude cautiously that “treatment of prehypertension is fea-
sible.” This statement, too, is justified by the data of their study, but does it make sense, 
clinically? Would it imply that, if taken seriously, 25  million prehypertensive US 
Americans would have to be treated pharmacologically with an inhibitor of the RAS 
notwithstanding the “rest of the world”? Would the usual lifestyle adaptations (weight 
loss, salt restriction, exercise and dietary modifications) as more or less authoritatively 
advocated around the world not have the same effect without “chemistry”?

Kjeldsen et al. [80] argue against this by alluding to the fact that the prevalence 
of prehypertension has increased despite intensive efforts to promote such healthy 
lifestyles [81]. They argue further that, just taking the US American population, of 
the 25 million US Americans with TROPHY-like blood pressures, almost 16 mil-
lion will become hypertensive over the next 4 years according to the experience 
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from the TROPHY placebo group. Should one not intervene as early as possible in 
these individuals given the fact that prehypertension already carries pathological 
abnormalities in cardiovascular structure and function? If one follows this argu-
ment, the question is not any more whether or not it is possible to delay the onset 
of hypertension by transient pharmacological intervention, but to prevent hyperten-
sion altogether by early-onset, continuous treatment in prehypertensive individuals. 
Kjeldsen et al. [80] deliver a strong argument in favor of such early intervention: 
If one uses the absolute difference in risk reduction between groups in TROPHY, 
one can calculate that four individuals with prehypertension need to be treated to 
prevent one case of hypertension in 2 years.

Two years after TROPHY, another clinical study, named PHARAO (Prevention 
of Hypertension with the Angiotensin-converting enzyme inhibitor RAmipril in 
patients with high-nOrmal blood pressure), was published [15].

The objective was quite similar to the one in TROPHY, namely, to address 
“whether the progression to manifest hypertension in patients with high-normal 
blood pressure can be prevented with treatment.” The study included 505 individu-
als in the ramipril and 503 individuals in the placebo group, lasted 3 years and, in 
addition, used ambulatory blood pressure monitoring to confirm the diagnosis of 
hypertension. After 3  years of treatment, 153 individuals in the ramipril group 
(30.7%) and 216 (42.9%) in the placebo group reached the primary endpoint (rela-
tive risk reduction 34.4%; p < 0.0001). Ramipril also reduced the incidence of office 
hypertension in participants with high-normal blood pressure established by ambu-
latory blood pressure monitoring (ABPM). The authors concluded that “treatment 
of patients with high-normal office blood pressure with the angiotensin-converting 
enzyme inhibitor was well tolerated, and significantly reduced the risk of progres-
sion to manifest hypertension.” Analysis of the data further revealed that ramipril 
not only shifted the incidence of manifest hypertension downward in a parallel man-
ner to the placebo group but, in addition, diminished the slope of the graph during 
the treatment period. This was interpreted to mean that the ACE inhibitor not only 
lowered blood pressure per se but also interfered with the vascular or neurohumoral 
factors determining vascular tone.

As with the angiotensin AT1 receptor blocker, candesartan, in TROPHY, it is 
now a member of another class of RAS inhibitors, the ACE inhibitor ramipril, which 
yielded such a preventive antihypertensive effect suggesting that a specific interfer-
ence with the harmful arm of the RAS would reduce the risk toward manifest hyper-
tension. However, in the absence of comparable studies with other classes of 
antihypertensive drugs, this idea, despite its theoretical plausibility, remains 
speculative.
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23.1	 �Introduction

Measurement of resting heart rate is a medical maneuver that dates back to the old 
times when doctors relied on this clinical parameter to assess the health status of 
their patients. However, high heart rate emerged as a cardiovascular risk factor only 
in the modern era when some epidemiologists realized that this clinical variable 
remained included in survival models together with major cardiovascular risk fac-
tors and was a strong independent predictor of cardiovascular events and mortality. 
The first leading study to observe a link between elevated heart rate and develop-
ment of myocardial infarction was the Chicago People Gas Co. study [1] followed 
by the Framingham study [2, 3] and the NHANES study [4]. The association 
appeared particularly strong for sudden death, as shown by the Framingham [2, 3], 
the Paris Prospective Study I [5], and the CASTEL study [6]. In most studies the 
relationship between heart rate and cardiovascular mortality was stronger among 
males than females and was maintained even after excluding individuals who died 
in the first years after baseline evaluation [2, 3, 6]. In the last 20 years, numerous 
new data confirmed those previous findings, and two recent meta-analyses unequiv-
ocally showed that high heart rate is an independent predictor of adverse outcomes 
[7, 8]. Zhang et al. in a meta-analysis of general populations encompassing over 
1 million people showed that for each 10 bpm increase in resting heart rate, there 
was a 9% increase in risk of all-cause mortality [7]. For people with heart rate equal 
to or higher than 80 bpm, there was a 45% increase in risk compared to people with 
heart rate lower than 60 bpm. Similar results were observed for cardiovascular mor-
tality with an 8% increase in risk for each 10 bpm increment in heart rate. More 
recently, in a new meta-analysis on the association between heart rate and risk of 
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cardiovascular events, the same group of investigators confirmed the predictive 
capacity of high heart rate for adverse outcome [8]. Using data from 45 prospective 
cohort studies, these authors found that an increment of 10 bpm in resting heart rate 
implied a 12% (95% confidence interval [CI] 9%–14%) increase in risk for coro-
nary artery disease, a 5% increase (95% CI 1%–8%) for stroke, a 12% increase 
(2%–24%) for sudden death, and a 16% increase (95% CI 12%–21%) in risk for 
non-cardiovascular diseases. All of these relations were linear for either fatal or 
nonfatal events. After excluding studies involving patients with hypertension or dia-
betes, similar results were obtained for coronary artery disease, stroke, and non-
cardiovascular diseases, while no association was found for sudden death.

23.2	 �Prehypertension

Prehypertension, e.g., a blood pressure between 120/80 and 139/89 mmHg, affects 
a large number of people in western as well as underdeveloped societies. However, 
this condition is very heterogeneous, and the cardiovascular risk differs in relation 
to many clinical variables, such as age, blood pressure level, and associated risk 
factors. Among these, heart rate emerged as a novel cardiovascular risk factor in 
prehypertension. A large number of general population studies have shown that 
individuals with elevated heart rates also have high blood pressure readings [9]. In 
addition, heart rate has been found to be associated with a variety of other risk 
factors including body mass index, metabolic variables, and hematocrit [9]. A 
number of studies performed in hypertensive populations have shown that the 
heart rate-mortality association remained significant also when all the above risk 
factors and other possible confounders were included in the survival analyses [7, 
9]. A large Chinese study has shown that resting heart rate plays an important role 
on the progression to hypertension in subjects with prehypertension [10]. In the 
Kailuan study, participants diagnosed as prehypertensive were selected as the 
observation cohort, and the rate of the progression to hypertension was compared 
among five groups with increasing level of resting heart rate using Cox propor-
tional hazard analysis [10]. A total of 25,392 patients were involved in the final 
statistics after excluding patients who died or were lost to follow-up. Of these, 
13,228 (52.1%) patients developed hypertension during follow-up. The rate of the 
progression to hypertension increased with the resting heart rate being 50.1% in 
the subjects with 70–74 bpm and 57.5% in those with ≥85 bpm. Patients in the 
latter group carried 1.25 times higher risk for developing hypertension than 
patients in the former group after adjustment for age, gender, systolic blood pres-
sure, diastolic blood pressure, waist circumference, body mass index, triglyceride, 
total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein 
cholesterol, fasting blood glucose, serum uric acid, C-reactive protein, smoking, 
drinking, physical exercise, and family history of hypertension at baseline. This 
longitudinal association has been demonstrated not only for baseline heart rate but 
also for the change in heart rate over time. In the HARVEST study, both baseline 
and follow-up heart rates were potent predictors of subsequent development of 
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hypertension needing drug therapy [11]. Similarly, in a recent study from China 
[12] over a period of 3.5 years, fast heart rate (>90 bpm) was associated with a 
significantly higher hazard ratio of hypertension.

23.3	 �Tachycardia and the Cardiovascular Risk 
in Prehypertension and Hypertension

High heart rate is a common feature in patients with hypertension. A large number 
of studies have shown that heart rate is higher in hypertensive than normotensive 
people and that tachycardia is more common in the former. Among the stage 1 
hypertensive subjects participating in the HARVEST study, over 15% had a base-
line resting heart rate ≥85 bpm, and 27% had a heart rate ≥80 bpm (Fig. 23.1) [13]. 
In a large Italian study performed in general practices, over 30% of the hypertensive 
patients had a resting heart rate ≥80 bpm [14].

A positive association between heart rate and adverse outcome has been found 
also in subjects with prehypertension [15]. The Atherosclerosis Risk in Communities 
(ARIC) study examined 3275, 45–64-year-old prehypertensive subjects, during a 
mean follow-up of 10.1 years [15]. The primary outcomes were coronary artery 
disease and all-cause mortality. Participants with elevated resting heart rate had 
50% higher all-cause mortality than people with lower resting heart rate (hazard 
ratio [HR] 1.50, 95% confidence interval [CI] 1.0–2.15), also after controlling for 
age, ethnicity, gender, diabetes, smoking status, LDL cholesterol, exercise, and use 
of antilipemic agents. In unadjusted analyses, the risk of coronary artery disease 
was 49% higher for people with increased heart rate than in those with normal heart 
rate (HR 1.49, 95% CI 1.03–2.14). In adjusted analyses, elevated resting heart rate 
remained an independent risk of coronary artery disease in women but not in men. 
The authors concluded that resting heart rate is an easily accessible tool that may be 
helpful for stratifying coronary artery disease and mortality risk in people with 
prehypertension.
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Fig. 23.1  Distribution of 
resting heart rate measured 
in the lying posture in 
1204, 18–45-year-old 
subjects screened for stage 
1 hypertension from the 
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In a cohort of 6100 residents (2600 males and 3500 females) of Kangwha County, 
Korea, 55–99-year-old, the risk of all-cause and cardiovascular mortality was evalu-
ated by resting heart rate and hypertension during a 21-year follow-up [16]. The 
hazard ratios associated with resting heart rate >80 bpm were higher in hyperten-
sives, with hazard ratios of 1.43 (95% CI 1.00–1.92) on all-cause mortality for pre-
hypertension, 3.01 (95% CI 1.07–8.28) on cardiovascular mortality for 
prehypertension, and 8.34 (95% CI 2.52–28.19) for stage 2 hypertension. Increased 
risk (HR 3.54, 95% CI 1.16–9.21) was observed among those with both a resting 
heart rate ≥80 bpm and prehypertension on cardiovascular mortality. Thus, these 
data showed that individuals with coexisting elevated resting heart rate and high 
blood pressure, even in prehypertensive range, have a greater risk for all-cause and 
cardiovascular mortality compared to those with elevated resting heart rate or hyper-
tension alone.

Similar heart rate-risk relationships were found in cohort studies which 
recruited subjects with hypertension [17–21]. In a cohort of over 5000 patients 
from the Framingham study followed for 36 years, Gillman et al. found that the 
relative risk of cardiovascular death adjusted for age and blood pressure was 1.68 
among men and 1.70 among women for an increase in heart rate of 40 bpm [18]. 
The risks were even greater for all-cause mortality: 2.18 and 2.14, respectively, 
and for sudden death they were 1.93 and 1.37, respectively. These associations 
remained significant also after adjusting for smoking, serum cholesterol, and left 
ventricular hypertrophy. In addition, serial analyses taking account of events that 
occurred within the past 6 years, those which took place in the past 4 years, and 
those which occurred in the past 2 years, confirmed the predictive value of heart 
rate for mortality, making it unlikely that this relationship was due to an underly-
ing illness producing tachycardia. Similar results were obtained by Benetos et al. 
in a cohort of 12,123 men from a French population between the ages of 40 and 
69 [17]. All-cause and cardiovascular mortality steadily increased with higher 
heart rates in both normotensive and hypertensive men. For death from ischemic 
heart disease, the increase in risk was present only among the hypertensive men, 
while the trend, though present, was not significant among the normotensive men. 
In contrast, relationships were weaker and nonsignificant among the women. The 
Glasgow Blood Pressure Clinic study [21] was the first to investigate the effect of 
a combination of baseline and follow-up heart rates on outcomes. Hypertensive 
patients with a heart rate persistently >80 bpm had an increased risk of all-cause 
and cardiovascular mortality. The highest risk of all-cause mortality was found for 
a final heart rate of 81–90  bpm and the lowest risk for a final heart rate of 
61–70 bpm. Within the cohort of the Cooper Clinic study [19], hypertensive indi-
viduals with resting heart rate ≥80 bpm were found to be at greater risk for car-
diovascular and all-cause mortality compared with those with hypertension and 
heart rate <60 bpm.

High heart rate proved to be associated with adverse outcomes also in clinical 
trials of hypertensive patients. In the Systolic Hypertension in Europe (Syst-Eur) 
trial [22], elderly patients with HR >79 bpm (top quintile) had a 1.89 greater 
risk of all-cause mortality and a 1.60 greater risk of cardiovascular mortality 
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than subjects with heart rate below that level. In the hypertensive patients with 
electrocardiographic left ventricular hypertrophy from the LIFE study, a 10 bpm 
increment in heart rate was associated with a 25% increased risk of cardiovas-
cular mortality and a 27% greater risk of all-cause death [23]. Follow-up heart 
rate contributed additional prognostic information because persistence or devel-
opment of a heart rate ≥84  bpm was associated with an 89% greater risk of 
cardiovascular death and a 97% increased risk of all-cause mortality. In addition, 
a significant interaction was found between baseline and follow-up heart rate. 
Even more important are the results obtained in the patients with hypertension 
and coronary artery disease from the INternational VErapamil-SR/Trandolapril 
(INVEST) study [24], in which both baseline and follow-up heart rates after 
treatment with cardiac slowing drugs were tested in survival analyses. In that 
study, a 5 bpm increment in baseline resting heart rate was associated with a 6% 
excess risk in the primary composite outcome (all-cause death, nonfatal myo-
cardial infarction, or nonfatal stroke). However, follow-up heart rate after treat-
ment with atenolol or verapamil showed a stronger association with outcome 
and excluded baseline heart rate from the final multivariable model. An inter-
esting finding of the INVEST was that the heart rate-risk relationship was not 
linear, as a tendency to an upturn in risk was observed for the lowest heart rates 
with a nadir at 59 bpm. The heart rate nadir was 64 bpm for people with prior 
myocardial infarction. Thus, this study indicated that in coronary patients opti-
mal heart rate target should be around 60 bpm. New information on the clinical 
importance of high heart rate in hypertension was provided by an analysis of the 
VALUE study [25], in high-risk hypertensive patients treated with either valsar-
tan- or amlodipine-based therapy. In the VALUE study, patients were stratified 
according to whether they had high heart rate (top quintile) or lower heart rate 
and whether their blood pressure was controlled or uncontrolled by antihyper-
tensive treatment. As expected, the highest risk was found in the patients with 
elevated heart rate and blood pressure uncontrolled by treatment. However, the 
risk remained high also in the patients whose blood pressure was well controlled 
but heart rate was elevated. A much lower risk was found in the patients with 
blood pressure uncontrolled and a low heart rate and the lowest risk in the group 
with blood pressure well controlled and low heart rate. Thus, this study high-
lighted the important role of tachycardia in hypertension showing that the risk of 
hypertensive patients can be lowered only marginally by antihypertensive treat-
ment if their heart rate remains elevated. Also in the ASCOT-BPLA study [26], 
heart rate measured after 6 weeks was a better predictor of cardiovascular events 
than baseline heart rate. Heart rate predicted all-cause, non-cardiovascular, and 
cardiovascular mortality that occurred during the follow-up, but not nonfatal car-
diovascular events. Finally, an analysis of the ONTARGET and TRANSCEND 
studies showed that the risk of cardiovascular mortality increased by 41%–58% 
among the patients with a heart rate >70 bpm and by 77% in those with heart 
rate >78 bpm [27]. In recent years, the prognostic significance of heart rate has 
also been evaluated in patients with resistant hypertension [28]. In multivari-
able Cox regression, both slow heart rate (<60 bpm for clinic or <55 bpm for 
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nighttime heart rate) and fast heart rate (>75 bpm or >70 bpm, respectively) were 
associated with worse cardiovascular outcomes in comparison with the reference 
group (60–75 bpm), indicating that in resistant hypertension there is a U-shaped 
relationship between heart rate and prognosis [28].

23.4	 �Ambulatory Versus Clinic Heart Rate

In the abovementioned study by Salles et al., ambulatory heart rates were more 
significant risk markers than office heart rate [28]. Recent research by others 
confirms the results of that study. In the ABP-International study, the authors 
investigated whether heart rate measured with intermittent ambulatory recording 
was a better predictor of cardiovascular events than office heart rate in 7600 
untreated hypertensive patients aged 52 ± 16 years [29]. Data were adjusted for 
several clinical variables including age, gender, blood pressure, smoking, diabe-
tes, serum total cholesterol, and serum creatinine. In a multivariable Cox model, 
nighttime heart rate emerged as the strongest predictor of fatal combined with 
nonfatal events with a hazard ratio of 1.13 (95% CI, 1.04–1.22) for a 10 bpm 
increment of the nighttime heart rate. When subjects taking beta-blockers during 
the follow-up (hazard ratio 1.15; 95% CI, 1.05–1.25) or subjects who had an 
event within 5  years after enrollment (hazard ratio 1.23; 95% CI, 1.05–1.45) 
were excluded from analysis, the association was even stronger. In the ABP-
International study, office heart rate was a weaker predictor of outcome than was 
ambulatory heart rate, and after inclusion of systolic and diastolic blood pres-
sures as covariates in the model, it was no longer a significant predictor of car-
diovascular events. When participants were classified according to the level of 
office and nighttime heart rate, people with masked tachycardia had a higher risk 
of cardiovascular events and mortality than people with normal office and night-
time heart rate (Fig. 23.2) [30]. In contrast, participants with white-coat tachy-
cardia did not show an increase in risk. Results from smaller studies confirm that 
heart rate recorded during sleep is the most accurate predictor of adverse out-
come. In a Japanese general population followed for 12 years, both daytime and 
nighttime heart rates predicted non-cardiovascular disease mortality but not car-
diovascular mortality [31]. However, when nighttime heart rate and day-to-night 
heart rate fall were simultaneously included in the Cox model, only nighttime 
heart rate independently predicted all-cause mortality with a hazard ratio of 1.29 
(95% CI, 1.07–1.54) for a 10 bpm increase in heart rate. In the Syst-Eur study, 
the positive relationship between clinic heart rate and the incidence of fatal end-
points found in the main study was confirmed in the ambulatory monitoring sub-
group, although ambulatory heart rate did not provide prognostic information 
over and above clinic heart rate [22]. In the IDACO study, daytime heart rate did 
not predict mortality, but nighttime heart rate predicted all of the mortality out-
comes (hazard ratios ≥1.15). In a study of 457 Japanese hypertensive patients 
followed for 72 months, increased nighttime heart rate and nondipping of heart 
rate were associated with increased risk of cardiovascular and all-cause 
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mortality, whereas awake heart rate was not [32]. Results obtained with beat-to-
beat Holter recordings are in keeping with the above data. In the Copenhagen 
Holter study [33], average 24 h heart rate, nighttime heart rate, and office heart 
rate were all associated with all-cause mortality. However, after adjusting for 
cardiovascular risk factors, the association with resting heart rate and 24 h heart 
rate disappeared, and only nighttime heart rate remained in the model (hazard 
ratio, 1.17 (95% CI, 1.05–1.30)). In a comparative analysis of differing heart rate 
measurement modalities, resting heart rate measured with 24 h Holter recording 
was found to be marginally superior as a predictor of cardiovascular morbidity 
and mortality during a 17-year follow-up [33]. In multivariate Cox regression 
analyses, hazard ratios were 1.02 (p = 0.079) for office heart rate, 1.04 (p = 0.036) 
for average of the lowest 3  hourly heart rates, and 1.03 (p  =  0.093) for mean 
Holter heart rate for each 10 bpm increment [34]. In conclusion, the majority of 
the published studies show that ambulatory heart rate, and nighttime heart rate in 
particular, has a greater prognostic accuracy for cardiovascular and total mortal-
ity than office heart rate. A possible explanation is that heart rate during sleep is 
more representative of the overall hemodynamic load on the arteries and the 
heart than daytime heart rate and can, thus, better reflect cumulative arterial 
injury from mechanical stress on the arterial wall. In addition, persistent increased 
sympathetic activity may be better represented by a high heart rate during sleep 
than by heart rate measured in the office.
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Fig. 23.2  Risk of cardiovascular events in 7602 hypertensive participants from the ABP-
International study. Subjects were stratified according to their office and nighttime heart rate (HR). 
For office heart rate, the cutoff between normal and high heart rate was set at 85 bpm. For night-
time heart rate, the cutoff was set at 73 bpm. Using these cutoffs four different groups were identi-
fied: (1) people with normal office and nighttime HRs (N = 5238), (2) white-coat tachycardia (high 
office HR and normal nighttime HR, N = 998), (3) masked tachycardia (normal office HR and high 
nighttime HR, N = 796), and (4) sustained tachycardia (high office and nighttime HRs, N = 570). 
The hazard ratios and corresponding two-sided 95% confidence intervals were derived from the 
regression coefficients in Cox models and were adjusted for age, body mass index, blood pressure, 
serum glucose, and total serum cholesterol and creatinine concentrations, which were fitted as 
continuous variables, and for gender, smoking, alcohol intake, and diabetes, which were fitted as 
categorical variables. Adapted from P. Palatini et al. [30]
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23.5	 �Pathogenetic Mechanisms

23.5.1	 �Heart Rate and Physical Fitness

The data from the literature consistently demonstrated that heart rate is a potent 
predictor of mortality and/or cardiovascular disease in prehypertension and hyper-
tension. However, according to some authors, the relationship between high heart 
rate and cardiovascular outcomes might be explained by tachycardia merely reflect-
ing poor physical fitness [35–37]. This issue was investigated in several studies 
which showed that this is unlikely to occur. In the FINRISK Study [38], the effect 
of resting heart rate toward cardiovascular mortality was determined after excluding 
people with preexisting coronary heart disease, angina, and heart failure or on anti-
hypertensive therapy. In women, a positive association was observed with a 32% 
increment in mortality for a 15 bpm increment in heart rate (hazard ratio 1.32, 95% 
CI, 1.08–1.60). In men, each 15 bpm increase in heart rate was associated with an 
adjusted hazard ratio of 1.24 (95% CI, 1.11–1.40). It should be pointed out that in 
this study data were also adjusted for physical activity. Results obtained within the 
frame of the Cooper Clinic study [19] are in keeping with the above data, showing 
a protective role of low resting heart rate on all-cause and cardiovascular disease 
mortality. Patients with a heart rate ≥80 bpm were at greater risk for cardiovascular 
and all-cause mortality compared with those with heart rate <60 bpm irrespective of 
physical fitness. Among the unfit individuals, those with high heart rate had the 
greatest risk of cardiovascular and all-cause mortality, whereas those with low heart 
rate had a similar risk for cardiovascular and all-cause mortality as the fit with high 
heart rate. In the Copenhagen Male Study [39], heart rate was inversely related to 
physical fitness and was associated with mortality in a graded manner also after 
adjusting for physical fitness, leisure-time physical activity, and other cardiovascu-
lar risk factors. In this study, the risk of mortality increased by 16% (95% CI, 
10–22%) per 10  bpm increment in heart rate. In conclusion, the above studies 
showed that elevated heart rate is a risk factor for mortality independent of physical 
fitness or leisure-time physical activity and that heart rate and cardiorespiratory fit-
ness independently contribute to the risk of mortality. The heart rate-adverse out-
come association remained significant after exclusion of people with comorbidities 
and events occurring within the first years of observation, indicating that the tempo-
ral sequence would be compatible with a causal relationship.

23.5.2	 �Heart Rate and Metabolic Abnormalities

A large number of epidemiologic studies have shown that high heart rate is associ-
ated with obesity and metabolic disturbances such as increased glycemia, total cho-
lesterol, triglycerides, and body mass index [34, 40–42]. Longitudinal studies suggest 
that increased sympathetic tone may be the reason for these associations. Results 
from the HARVEST study have shown that subjects with sympathetic predominance 
at heart rate variability developed hypertension, obesity, and metabolic disturbances 
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later in life [43, 44]. In a multivariable Cox regression, baseline clinic heart rate 
(P = 0.02) and follow-up changes in clinic heart rate (P < 0.001) were independent 
predictors of overweight or obesity at the end of a 7-year follow-up. Several cohort 
studies in Japanese individuals also showed that high heart rate is a precursor of 
obesity and metabolic abnormalities [45, 46]. Shigetoh et al. [46] found that indi-
viduals with baseline heart rate ≥80 bpm had an increased risk of developing obesity, 
abdominal obesity, metabolic syndrome, and diabetes 20 years later compared to 
people with heart rate <60 bpm. The adjusted risk was 2.34 (95% CI, 1.09–5.90) for 
obesity and 5.39 (95% CI, 1.34–21.8) for diabetes. A recent analysis in healthy sub-
jects from the Netherlands Study of Depression and Anxiety (NESDA) showed that 
several measures of sympathetic activity were predictors of the metabolic syndrome 
during a 2-year follow-up [47]. In the Chicago Heart Association Detection Project 
in Industry [48], the adjusted odds of having diabetes after 65 years of age was 1.10 
(95% CI, 1.05–1.16) per 12 bpm higher baseline heart rate. In this study, higher heart 
rate was also associated with diabetes mortality (odds ratio 1.21; 95% CI, 1.03–
1.41). A large Japanese study in apparently healthy men and women aged 30–59 years 
confirmed those findings [49]. In this study, the adverse effects of fast heart rate and 
high blood pressure were independent of each other as well as of the influences of 
major risk factors. In the Australian Diabetes, Obesity, and Lifestyle study [50], par-
ticipants with a heart rate ≥80 bpm were more likely to develop diabetes (odds ratio 
1.89; 95% CI, 1.07–3.35) compared with participants with a heart rate <60 bpm. The 
association between baseline heart rate and future diabetes was also found in a pro-
spective cohort study of patients with clinically manifest vascular diseases from the 
SMART study [51]. Every 10 bpm increase in heart rate increased the risk for type 2 
diabetes (hazard ratio 1.10; 95% CI, 1.00–1.21). The risk was independent of the 
type of vascular disease or beta-blocker use. The relationship between resting heart 
rate and metabolic syndrome was also investigated in a large Chinese cohort from 
Kailuan/Tangshan in a 4-year follow-up [52]. The metabolic syndrome was cross-
sectionally associated to resting heart rate with an odds ratio of 1.49 (95% CI, 1.32–
1.69) in subjects with heart rate at 95–104 bpm compared with those at 55–64 bpm, 
after adjusting for confounders and risk factors. In addition, the longitudinal analysis 
in the participants without metabolic syndrome at baseline showed that heart rate 
was predictive of the risk of developing the metabolic syndrome 4 years later with a 
hazard ratio of 1.42 (1.23–1.62) for the top heart rate group compared to the bottom 
group. Whether a dose-response relationship exists between heart rate and the meta-
bolic syndrome is unclear. This issue was addressed by a recent meta-analysis which 
used restricted cubic spline function to assess the dose-response relationship [53]. 
Seven prospective cohort studies and 10 cross-sectional studies with a total of 
169,786 participants were included. The pooled relative risk was 2.10 (95% CI 1.80–
2.46) for the highest versus reference heart rate category and 1.28 (95% CI 1.23–
1.34) for each 10 bpm increment in heart rate. In this study, no evidence was found 
for a nonlinear dose-response association between heart rate and metabolic syndrome 
(P = 0.20). In conclusion, the above studies demonstrate that high heart rate is a pre-
cursor of obesity and metabolic abnormalities and suggest that resting heart rate has 
a potential for screening subjects at high risk of undiagnosed diabetes.
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23.5.3	 �Role of Autonomic Nervous System in Prehypertension

Why some individuals have a faster resting heart rate than others still remains poorly 
understood. This is unlikely to be due to an inherently faster cardiac pacemaker, as 
demonstrated in leading pharmacological studies by Julius et  al. [54, 55]. Using 
intravenous injections of propranolol to block β receptors and atropine to block 
parasympathetic receptors in a group of healthy volunteers, these authors showed 
that intrinsic heart rate after blockade was 110  bpm in younger and gradually 
decreased to about 85 in older individuals [54]. Intrinsic heart rate was measured 
also in patients with hyperkinetic prehypertension and a group of normotensive 
subjects of control. In the prehypertensive group, the heart rate remained higher 
than in the normotensive controls after the β blockade, and addition of parasympa-
thetic blockade with atropine increased heart rate to the same level in the two 
groups. This experiment showed that tachycardia in prehypertension was due to a 
different autonomic nervous control of a normal pacemaker. In prehypertensive sub-
jects there was a larger decrease of heart rate after β-blocker administration, and the 
parasympathetic blockade elicited a smaller increase of heart rate. This indicates 
that patients with prehypertension have an increased sympathetic and a decreased 
vagal tone. Tachycardia and sympathetic overactivity are closely intertwined in pre-
hypertension, and both components play an important role in the development of 
hypertension and cardiovascular disease. Indeed, a body of evidence suggests that 
fast heart rate is a reliable marker of increased sympathetic activity both in the gen-
eral population and in hypertensive patients. In the HARVEST study, people with 
clinical signs of sympathetic predominance at spectral analysis of heart rate vari-
ability had a much higher heart rate than people with normal autonomic nervous 
system tone (Fig. 23.3) [43]. This association was confirmed by Grassi et al., who 
measured heart rate, plasma catecholamines, and muscle sympathetic nerve activity 
in four groups of subjects with different clinical characteristics: (1) healthy volun-
teers (controls), (2) hypertensive patients, (3) obese individuals, and (4) patients 
with heart failure [56]. In the overall population, a significant correlation of heart 
rate was found with both markers of sympathetic activity indicating that high heart 
rate reflects increased sympathetic tone. Hypertension is accompanied not only by 
increased sympathetic tone but also by reduced parasympathetic activity. In the 
HARVEST study, young subjects with sympathetic predominance had both an 
increase in the low-frequency component (mainly marker of sympathetic activity) 
and the high-frequency component (mainly marker of vagal activity) at spectral 
analysis of heart rate variability (Fig. 23.3) [43]. A reduced vagal tone in hyperten-
sion has also been shown by pharmacological studies [57].

23.5.4	 �Effect of High Heart Rate on Vascular Wall 
and Target Organs

Hypertension if left untreated is a self-accelerating condition. In prehypertensive 
subjects the acceleration is usually slow and nearly linear, but when hypertension 
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develops the increase of blood pressure is faster and even becomes exponential due 
to the blood pressure-induced restructuring of the arterioles. Arteriolar wall thick-
ens because of smooth muscle hypertrophy and arteriolar remodeling with conse-
quent increase of vascular resistance. In addition, high heart rate exposes the arteries 
to turbulent blood flow chiefly at points where vessels bifurcate [34, 58]. The low 
shear stress and the increased tensile stress generated by tachycardia favor the 
development of atherosclerotic plaques and increase the stiffness of large blood ves-
sels [40–42].

The effect of tachycardia on coronary arteries was examined in several studies of 
cynomolgus monkeys consuming an atherogenic diet [59–63]. Evidence that heart 
rate lowering might retard coronary atherogenesis was provided by Beere et al. [59] 
in an elegant experimental study. After ablation of the sinoatrial node in a group of 
monkeys on atherogenic diet, the heart rate was reduced by about 30%. Monkeys 
with lowered heart rate were compared with a group whose heart rate was left 
unchanged. After 6 months of atherogenic diet, the animals were sacrificed, and 
those in the lower heart rate group had a significantly lower area of coronary 
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Fig. 23.3  Frequency-domain indexes of heart rate variability in two groups of young-to-middle-
age stage 1 hypertensive subjects and a group of normotensive controls (Normot). Group 1, sub-
jects with sympathetic predominance (SP). Group 2, subjects with normal autonomic nervous 
system activity (NANS). Power spectral densities were computed from 512-s periods by the maxi-
mum entropy method using an autoregressive model. Low-frequency power (LF, 0.04–0.15 Hz) 
and high-frequency power (HF, 0.15–0.40  Hz) are expressed as percent of total power (0.04–
0.40  Hz). Parameters of heart rate variability were recorded in resting conditions and during 
Stroop’s color mental test, a computerized conflict-evoking test. For both data obtained at rest and 
during the mental challenge, there was a progressive decrease of the low-frequency component 
from the hypertensive subjects with SP to the normotensive subjects of control and a progressive 
increase in the high-frequency component. Mean ± SEM resting heart rate was 79.1 ± 1.7 bpm in 
Group 1 and was 67.8 ± 0.9 in Group 2, p < 0.001. Adapted from P. Palatini et al. [43]
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atherosclerosis and percentage of stenosis than the group of control. Along the same 
line of research, Kaplan et al. [60, 61] focused on effect of behavior on coronary 
atherosclerosis of cynomolgus monkeys and found that aggressive dominant ani-
mals developed extensive coronary atherosclerosis. In a second experiment, Kaplan 
et  al. [62] investigated whether treatment with beta-blockers would prevent the 
increase in coronary lesions in dominant animals. They found that treatment with 
propranolol actually decreased coronary plaque area only in dominant animals. The 
pathogenetic role of high heart rate was confirmed by Bassiouny et al. who found a 
correlation between stress index and the thickness of major atherosclerotic lesions 
in the infrarenal aorta and iliac arteries in male Cynomolgus monkeys [63]. Thus, 
these animal studies demonstrated that increased heart rate can damage the blood 
vessels and that heart rate lowering can prevent the atherosclerotic lesions.

More recently, also a study in human beings confirmed those experimental data 
[64]. In a pooled analysis of four intracoronary ultrasound clinical trials, the vol-
ume of coronary atheroma was measured before and after treatment with antihy-
pertensive drugs [64]. In this study, about three quarters of patients were treated 
with beta-blockers and one quarter with other drugs. Treatment with beta-blockers 
decreased the volume of coronary atheroma to a larger extent than the other treat-
ments did showing that heart rate reduction can actually reduce coronary athero-
sclerotic lesions.

Other studies in human beings confirmed the deleterious effects of tachycardia 
on the coronary arteries. An association between resting heart rate and progression 
of focal coronary atherosclerosis was described by Huikuri et al. in patients with 
prior coronary artery bypass surgery [65]. Minimum heart rate measured during 
24 h recording was correlated to global severity and rate of progression of coronary 
atherosclerotic lesions in subjects with myocardial infarction [66].

High heart rate can cause arterial wall lesions and target organ damage also 
through an increase in arterial stiffness. Heart rate increase with atrial pacing in rats 
has been shown to produce progressive reduction in carotid distensibility [67]. The 
same effect was observed in sympathectomized animals suggesting that the increase 
in heart rate rather than an underlying hyperactivity of the sympathetic nervous 
system was the responsible factor. The heart rate-arterial stiffness relationship was 
also shown in human studies which used pulse wave velocity as a marker of stiff-
ness. Albaladejo et al. [68] found a positive correlation between pulse wave velocity 
and 24 h ambulatory heart rate in subjects with hypertension. In a large multicenter 
population of normotensive and hypertensive individuals in France, Sa Cunha et al. 
[69] measured pulse wave velocity and degree of vascular distention at multiple 
vascular sites. There was a significant correlation of high heart rate with arterial 
rigidity in the thoracic aorta and lower limbs. The results of studies in which the 
effect of heart rate manipulation with pacing on pulse wave velocity was evaluated 
are consistent with the above data. A French [70] and an Australian [71] study 
showed a progressive increase in carotid-femoral pulse wave velocity with increas-
ing level of heart rate. This effect was independent from the effect of pacing on 
blood pressure. Also temporal changes in heart rate have been found to be predictive 
of large artery stiffness [72]. This was shown by Tomiyama et al. in 1795 apparently 
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healthy Japanese subjects (mean age 39 years) in whom heart rate was measured at 
baseline and also during a 5–6-year follow-up [72]. The authors found that both 
heart rate at the baseline examination and changes in heart rate during the follow-up 
period were significantly associated with the corresponding changes in pulse wave 
velocity even after adjusting for a variety of atherogenic risk factors. These data 
suggest a synergistic role of high baseline heart rate and of the increase in heart rate 
during the follow-up in accelerating age-associated increases in arterial stiffness. 
The stiffening effect of high heart rate on the large arteries is likely to be due to the 
reduced length of the cardiac cycle associated with tachycardia that does not allow 
the viscoelastic arterial wall enough time to distend fully [58, 67]. As mentioned 
above, in addition to low shear stress, each cardiac beat imposes a blood pressure-
related tensile stress on the vascular wall. Repeated mechanical load increases the 
viscosity of the arterial wall which in turn increases the vascular stiffness [67].

There is no doubt that increased vascular stiffness has deleterious effects on the 
cardiovascular system. This relationship was shown by Laurent et al. [73] in 1980 
patients with hypertension followed for an average of 9.3 years. Pulse wave velocity 
was significantly associated with both all-cause and cardiovascular mortality also in 
a model adjusted for confounders and risk factors. Similar results were obtained by 
Willum-Hansen et al. [74] who studied the incidence of fatal and nonfatal cardio-
vascular endpoints, cardiovascular deaths, and fatal or nonfatal coronary heart dis-
ease in a Danish general population followed for 9.4 years. After adjustment for 
numerous confounders including blood pressure, the pulse wave velocity remained 
a significant predictor of all endpoints. In a recent meta-analysis [75] of 16 studies 
involving 17,635 subjects, aortic pulse wave velocity was a highly significant pre-
dictor of strokes, coronary artery disease, and all cardiovascular events.

In summary, a body of evidence indicates that increased heart rate exposes the 
arteries to a larger cumulative stress during the lifetime. The tensile stress induces 
vascular stiffness, and the low shear stress favors the development of atherosclerotic 
plaques. As a consequence, people with tachycardia are bound to develop premature 
and widespread vascular damage.

Not only does elevated heart rate promote development of atherosclerotic plaques 
and large artery stiffness but it also has a pathogenetic role in precipitating cardio-
vascular events. This was shown by Heidland and Strauer in a group of patients who 
underwent two coronary angiograms within 6 months [76]. These authors demon-
strated that the hemodynamic stress related to increased heart rate may play a cru-
cial role in coronary plaque disruption [76]. Indeed, after 6 months of follow-up, 
plaque disruption resulted more common among people with heart rate >80 bpm 
than in those with lower heart rate. Plaque disruption could be prevented in those 
subjects who had been administered beta-blockers.

The high sympathetic tone and reduced parasympathetic tone underlying tachy-
cardia can decrease the threshold of ventricular arrhythmias, as demonstrated by 
Lown and Verrier in dogs with manipulation of autonomic nervous system activity 
[77]. When sympathetic tone was increased in dogs, the threshold for ventricular 
fibrillation was reduced, an effect that was abolished by simultaneous vagal stimula-
tion. This mechanism likely accounts for the strong relationship between 
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tachycardia and sudden death found in many epidemiologic studies [78, 79]. An 
elevated heart rate may facilitate desynchronization of ventricular muscle cells, 
especially in an ischemic myocardium, increasing oxygen consumption and wors-
ening coronary perfusion [34].

23.6	 �Should High Heart Rate Be Reduced 
in Prehypertension?

As mentioned above, elevated heart rate is a common feature in patients with prehy-
pertension and hypertension. Among the young hypertensive subjects participating 
in the HARVEST study, about one third showed clinical signs of sympathetic pre-
dominance at spectral analysis of heart rate variability and increased heart rate [43], 
a finding consistent with the results obtained in the Tecumseh Study [80]. In the 
long run, this hemodynamic stress together with the excessive blood pressure load 
can cause target organ damage. Decreasing blood pressure and heart rate at this 
point can still reduce the incidence of cardiovascular events, but the underlying 
atherosclerosis and renal dysfunction will not be reverted. Thus a treatment 
addressed to prevent target organ damage should be started earlier. As pointed out 
in a recent document of the European Society of Hypertension, making practical 
therapeutic suggestions for the hypertensive patients with high heart rate is difficult 
because of lack of data from clinical trials [81]. In young people with autonomic 
dysfunction characterized by sympathetic predominance, rather than to merely 
reduce elevated heart rate and high blood pressure, it would be more rationale to try 
to restore a normal sympatho-vagal balance. This goal can be achieved by improv-
ing subjects’ lifestyle.

23.6.1	 �Lifestyle Measures

Smoking, excessive alcohol consumption, and heavy coffee use increase the sym-
pathetic tone with consequent effects on resting heart rate and blood pressure [34, 
82, 83]. Thus improving an unhealthy lifestyle would decrease both these hemody-
namic variables. This should be the first goal of a clinician in the management of 
the hypertensive patient with tachycardia. A dietary intervention addressed to 
reduce calorie intake in overweight people would improve the tone of the auto-
nomic nervous system and reduce blood pressure and heart rate [84]. Beneficial 
effects have been shown also by increased consumption of omega-3 fatty acids 
found in fatty fish and fish oil. Several studies have shown that omega-3 fatty acids 
may improve parameters of autonomic function including heart rate variability and 
baroreflex sensitivity [85, 86]. Indeed, omega-3 fatty acids have been reported to 
cause some beneficial effects on resting heart rate with decreases in the range of 
2–4 bpm [85–87].

Besides reducing the consumption of tobacco, alcohol, and caffeinated bever-
ages, a program of regular physical activity should be implemented. Several 
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non-pharmacological interventions have been advocated in people with prehyper-
tension or hypertension such as behavioral therapies (transcendental meditation, 
other meditation forms, biofeedback, yoga, and other relaxation methods) or non-
invasive procedures or devices (acupuncture, device-guided breathing). However, 
according to a working group of the American Heart Association [88], existing 
evidence about blood pressure and heart rate lowering exists only for exercise-
based regimens. Several studies have shown that dynamic aerobic exercise, 
dynamic resistance exercise, and even isometric exercise have beneficial effects on 
blood pressure in hypertension and prehypertension [89, 90]. Regular endurance 
exercise, in particular, causes a reduction of the sympathetic activity and an 
increase of vagal tone with a marked reduction in resting heart rate [91–94]. 
Comparative studies performed with 24 h continuous recording have shown that 
physically active persons have a ~10 bpm lower heart rate compared to sedentary 
controls [91]. This effect is comparable to that of beta-blockers. In a study by 
Meredith et  al. [95], hemodynamic changes were associated with a noticeable 
decrease of sympathetic tone; total norepinephrine spillover to plasma fell by 24%, 
and the renal norepinephrine spillover decreased by 41%. The antiadrenergic effect 
of aerobic exercise can explain the effect of regular physical activity on the heart 
in hypertensive subjects. In a study by Jennings et  al., the left ventricular wall 
thickness decreased by 5.7%, whereas the left ventricle cavity slightly increased 
[89]. The wall thickness/cavity radius ratio significantly decreased in the exercise 
group. Several other clinical studies conducted in hypertensive patients have docu-
mented a reduction in left ventricular mass and wall thickness after a period of 
endurance exercise [90]. In the HARVEST study, only 1.7% of the active subjects 
developed left ventricular hypertrophy during an 8-year follow-up versus 10.3% 
among the sedentary controls with an adjusted OR of 0.24 (95% CI, 0.07–0.85) 
[96]. In addition, exercise has a favorable impact on all factors of the insulin resis-
tance syndrome: blood pressure, plasma lipids, serum insulin, and overweight [84, 
97]. Regular physical activity has also been found to be associated with a reduction 
of cardiovascular responsiveness to psychophysiological stressors [98]. In a group 
of young- to middle-age subjects with stage 1 hypertension, subjects who per-
formed regular physical activity had a smaller blood pressure and heart rate reac-
tion to a psychological stressor and a lower blood pressure increase over time than 
sedentary subjects [98]. Central autonomic adaptations in response to exercise are 
likely to be responsible for the reduced hemodynamic responsiveness to psycho-
logical stress and might represent a mechanistic pathway for the decreased ten-
dency to develop hypertension in physically active subjects [99]. Thus, adoption of 
a healthy lifestyle could revert to normal mild elevations of heart rate and blood 
pressure in young people with hyperkinetic circulation avoiding the use of pharma-
cological therapy. Exercise thus appears as an important tool for attenuating the 
negative effect of sympathetic predominance especially in people exposed to high 
environmental stress. A low-to-moderate exercise intensity program seems to be 
sufficient for reducing blood pressure in the majority of patients [100]. However, 
the reduction of heart rate and the favorable metabolic effects of physical training 
seem to be proportional to the intensity of exercise. For this reason the American 
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College of Sports Medicine recommends that moderate-to-vigorous activities 
should be practiced by most healthy individuals [100]. However, low-intensity 
exercise may be a safer option for many hypertensive patients chiefly for those 
with a high cardiovascular risk profile.

23.6.2	 �Pharmacological Treatment

If non-pharmacological measures fail to achieve the desired goal and heart rate 
remains elevated, a drug treatment addressed to reduce the high heart rate might be 
considered in hypertensive patients. Unfortunately, the lack of randomized clinical 
trials on the treatment of high heart rate and the absence of specific recommenda-
tions from international guidelines do not allow the clinician to make decisions 
based on evidence. Another controversial point is the heart rate level that should be 
used to define tachycardia because the relationship between heart rate and the level 
of cardiovascular risk in general populations is a continuous one. It follows that the 
partition level between normal and abnormal values has to be defined according to 
arbitrary criteria. In most epidemiological studies, a significant increase in risk was 
found for a heart rate ≥80 bpm [101]. It is therefore obvious that the definition of 
tachycardia as a heart rate greater than 100 bpm is no longer acceptable for risk 
stratification. According to some investigators, the upper normal limit for resting 
heart rate should be the level at which the benefits of treatment outweigh the risks 
[101]. Unfortunately, no clinical trial has been implemented as yet in hypertension 
to study the effects of cardiac slowing drugs on morbidity and mortality. 
Retrospective analyses of patients with myocardial infarction or congestive heart 
failure have shown that beta-blockers or other bradycardic agents are effective in 
reducing mortality only in subjects with a high baseline heart rate [102]. Carvedilol 
has been reported to cause a marked reduction in mortality only in patients with a 
heart rate >82 bpm [103]. More recent data obtained with the I/f channel antagonist 
ivabradine indicate that the beneficial effect of this drug can be obtained in patients 
with heart rate higher than 70 bpm [104, 105]. However, it should be noted that in 
those studies ivabradine was given on top of beta-blockers, and thus the original 
heart rate of the patients before treatment was likely to be 10 bpm higher. In sum-
mary, the data obtained in epidemiologic studies in general populations and in clini-
cal trials of patients with myocardial infarction or congestive heart failure suggest 
that the threshold level between normal and high heart rate should be set in the 
range of 80–85 bpm.

With these caveats in mind, we suggest that cardiac slowing treatment should be 
considered in hypertensive subjects with high heart rate. As pointed out by a recent 
document of the European Society of Hypertension, absence of evidence does not 
mean evidence against the importance of tachycardia as a risk factor for cardiovas-
cular disease [81]. Lifelong exposure to a potentially important risk factor may 
cause earlier target organ damage and impair the patient’s prognosis. Thus, some 
degree of flexibility with management is expected, and decisions should be made 
according to the clinical characteristics of the patient and the level of high heart rate. 
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For these reasons the panel of experts suggested that in some hypertensive patients 
with tachycardia, especially if they are symptomatic, treatment by available drugs, 
mostly beta-1 selective beta-blockers, can be considered [81].
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24The Role of the Brain in Prehypertension

Stevo Julius

Chronic BP elevation induces changes in the structure and function of cardiovascu-
lar organs. Consequently, pathophysiologic studies of advanced hypertension are 
likely to reveal a mixture of causes and consequences of the high BP. Therefore, we 
focused on young patients with marginal BP elevation (prehypertension). It was 
assumed that in these subjects it may be possible to detect mechanisms which pre-
cede the evolution of advanced hypertension.

In early studies we used invasive methods for assessment of hemodynamics. A 
catheter was introduced into the brachial vein and advanced near to or in (80%) the 
right atrium to inject indocyanine green dye. In parallel a short catheter was placed 
in the brachial artery to measure the dye dilution curve with a densitometer. The 
intra-arterial BP was monitored throughout the study.

Using this method, we confirmed previous reports [1–4] that prehypertension is 
associated with a hyperkinetic state of increased cardiac output and fast heart rates. By 
year 1976 we accumulated invasive hemodynamic data on 145 participants with pre-
hypertension and 90 healthy normotensive volunteers [5]. About one third of the pre-
hypertensive group had tachycardia (Fig.  24.1). Another graph in the same study 
showed a similarly skewed distribution of cardiac output in the prehypertension group.

In an early study [6], we compared the hemodynamic characteristics of normo-
tension and borderline hypertension (prehypertension). At rest in a recumbent posi-
tion, the vascular resistance values of normotension and borderline hypertension 
groups overlapped. But when the resistance was compared in relation to cardiac 
output, the borderline hypertensives had higher vascular resistance. In other words, 
patients with prehypertension were not capable to adequately dilate to accommodate 
the increased cardiac output. This suggested that the circulation in prehypertension 
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is not normal and that it resembles the characteristically increased vascular resis-
tance of established hypertension.

In another study [7], we injected intravenously large doses of first propranolol 
(0.2 mg/kg) and second atropine (0.04 mg/kg) to completely block the autonomic 
nervous system receptors both in prehypertension and healthy volunteers. Injection of 
propranolol elicited a larger than normal decrease of heart rate and cardiac output 
which was indicative of an increased sympathetic tone in prehypertension. After atro-
pine a lesser increase of heart rate and cardiac output was seen in the prehypertension 
group. Thus the parasympathetic tone in prehypertension was decreased (Fig. 24.2).

The fact that both sympathetic and parasympathetic tones were involved demon-
strated that the aberration emanated from the medulla oblongata where the sympathetic 
and parasympathetic tone are regulated in a reciprocal fashion. Furthermore, the block-
ade erased the difference in heart rate and cardiac output between the two groups. Thus 
the hyperkinetic circulation in prehypertension was entirely neurogenic.

However, the blockade did not erase the increase of BP in prehypertension. Prior 
to injection the BP elevation was associated with a high cardiac output, and after the 
blockade, it was due to high vascular resistance [8].
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This hemodynamic plasticity in which the BP level is maintained while the 
underlying hemodynamic changes is well documented. The comparison of hemody-
namic responses to various stressors is shown in Figs. 24.3 and 24.4.

The bold diagonal lines in the graph are iso-resistance lines. The mean BP is 
represented on the ordinate, and the cardiac output index is shown on the abscissa. 
Prehypertension is marked by triangle and healthy volunteers are shown by circles. 
Figure 24.3 shows stressors which increase the cardiac output. The left panel is the 
response to mild exercise (4 min on a load of 300 kg-m/min), and the right is the 
effect of expansion of plasma volume by infusion 5% dextran in saline 13 mL/kg 
over a period of 45 min.

In both instances there was a substantial increase of cardiac index and a decrease of 
vascular resistance in both groups. The BP in the prehypertension remained elevated, and 
the response lines of the prehypertension and volunteer groups were perfectly parallel.

Stimuli which increased the vascular resistance are shown in Fig. 24.4. In the left 
panel, measurements were taken at baseline and 10 min after injection of propranolol. 
In the right panel, measurements were taken in recumbence and after 4 min of sitting.

Both after propranolol and after sitting, the prehypertension group maintained a 
higher BP level, and the trends of BP changes in prehypertension and control group 
were similar. Note the hemodynamic plasticity in the graph. At baseline the higher 
BP in prehypertension was associated with a high cardiac output. The blockade 
abolished the difference in cardiac output, and at that point, the higher BP in the 
prehypertension was linked to an increase of vascular resistance.
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The effect of total cardiac receptor blockade with propranolol and atropine is 
shown in Fig. 24.5. There was a remarkable difference in hemodynamic adjustment 
in the two groups. The prehypertensives maintained the BP elevation by increasing 
the vascular resistance, whereas the control group responded by a modest increase 
of cardiac output.

The evidence above proves that the brain seeks a certain preset BP level in the 
two groups; higher in prehypertension and lower in healthy volunteers. If the BP 
goal cannot be achieved by changes in cardiac output, it will be attained by a raise 
of vascular resistance.

This hemodynamic plasticity appears to be the “modus operandi” of the brain 
under many other circumstances. In a series of experiments, we investigated the 
BP increase with hindquarter compression in dogs [9]. In these experiments an 
inflatable suit was placed on the hindquarter of the animals. When inflated, the 
suit compresses the dog’s hind limbs, and this elicited a large increase of mean BP 
(+30–40 mm Hg). This increase lasted as long as the suit was inflated (up to 3 h), 
but after deflation the BP instantly returned to normal values. The BP elevation 
was neurogenic and could be abolished by spinal anesthesia. The BP surge after 
compression was invariably due to increased vascular resistance. In a group of 
dogs, we injected the alpha-blocker phenoxybenzamine [10] to prevent 
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vasoconstriction (Fig. 24.6). The broken line shows that prior to the injection, the 
increase of BP was associated with an increase of vascular resistance. As the solid 
line shows, after the alpha-adrenergic, the BP increase blockade did not abolish 
the BP response, but at that point, the BP surge was linked to an increase of car-
diac output.

This hemodynamic plasticity is ubiquitous, and in paper titled “Blood Pressure 
Seeking Property of the Central Nervous System” [11], we reviewed the ample 
evidence in the literature that the magnitude of BP increase will be preserved regard-
less of the underlying hemodynamics.

All evidence about the role of the brain in prehypertension shown so far was 
obtained by invasive hemodynamic measurement. However, the validity of such 
findings was challenged already in 1960 by ED Freis [1]. He confirmed that two 
thirds of patients with hypertension have increased peripheral resistance. He won-
dered “whether (in) the remaining one third the elevated cardiac output is the pri-
mary hemodynamic fault or whether apprehension associated with the procedure 
disturbed the basal hemodynamic state.” This notion that the hyperkinetic state is a 
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Fig. 24.6  The blood pressure (BP) of eight dogs after hindquarter compression. Compression 
reproducibly causes huge BP increases (+60 mmHg). The increase is neurogenic since it is abol-
ished with spinal anesthesia. Invariably the compression BP increase is associated with increased 
vascular resistance (broken line). After vasoconstriction was prevented with alpha adrenergic 
blockade the BP increase was associated with an increase of cardiac output (solid line). (Figure 
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ISBN: 0-398-03377-3) 

S. Julius



347

sign of passing nervousness was embraced by many practicing physicians. Such 
attitude ignored the contemporary existing solid evidence that transient tachycardia 
is a predictor of hypertension and of adverse cardiovascular outcomes [12]. Evidence 
that tachycardia is a strong cardiovascular risk factor continues to accumulate and 
has been more recently reviewed [13].

The objection that our findings may reflect the stress caused the invasive mea-
surement could not be rejected out of hand. After assessing the validity of various 
noninvasive methods of measurement of cardiac output [14, 15], we chose the echo-
Doppler technique for the Tecumseh field study [16]. The study investigated the 
evolution of hypertension in a sample of the healthy village population. Of 691 
healthy villagers (average age 32.6 years), 99 had a clinic BP reading exceeding 
140/90 mm Hg. Thirty-seven percent of these subjects with prehypertension had 
hyperkinetic circulation.

Besides finding a similar prevalence of hyperkinetic prehypertension with nonin-
vasive as with invasive methods, the field study in Tecumseh provided additional 
information about the pathophysiology and natural history of the hyperkinetic state. 
Hyperkinetic prehypertensives had significantly elevated plasma norepinephrine 
values. Their parents had significantly increased BP levels. We had access to previ-
ous BP measurement, and the present hyperkinetic prehypertensives had elevated 
BP at 5, 8, 21, and 23 years of age. A subgroup with “pure” hyperkinetic state at 
32 years of age had tachycardia at 7 and 22 years of age [17]. Thus rather than hav-
ing a passing BP elevation, individuals with hyperkinetic state had a lifelong 
increase of BP and heart rate.

In conclusion, one third of young adults have a neurogenic prehypertension char-
acterized by increased BP and tachycardia. In such patients sympathetic stimulation is 
increased, whereas the parasympathetic inhibition is decreased. This suggests that the 
aberration emanates from the medulla oblongata where the sympathetic and parasym-
pathetic tones are integrated in a reciprocal fashion. In achieving the higher BP goal, 
the brain shows a remarkable plasticity; if the stressor is associated with increased 
cardiac output and that increase is blocked (by beta-blockers), an equal BP increase 
will be achieved by a higher vascular resistance. Similarly, if the original stressor 
induced increased vascular resistance and this was blocked (with alpha-blockers), the 
same degree of BP elevation will be achieved by increased cardiac output.

There is no evidence of increased BP variability in hyperkinetic prehypertension, 
and such patients are not hyper-responders to various stressors.

Overall these findings prove that the brain plays an important role in the patho-
physiology of one third of subjects with prehypertension.
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25The Role of the Brain in Neurogenic 
Prehypertension

Gino Seravalle, Dagmara Hering, Guido Grassi, 
and Krzysztof Narkiewicz

25.1	 �Introduction

Prehypertension has gained significant recognition over the past decade due to its 
strong association with an increased risk for CV mortality, mostly from myocardial 
infarction (MI) and coronary artery disease (CAD). The excess risk for CV events 
and organ damage has been particularly evident in stage 2 prehypertension (i.e. 
high-normal BP), the group more likely to develop hypertension when compared to 
stage 1 prehypertension. The mechanisms underlying the pathophysiology of pre-
hypertension, and the resultant associated risk and poor prognosis remain multifac-
torial, involving complex interplay between neural mechanisms, haemodynamics, 
environmental factors and genetics. Evidence indicates that neurogenic component 
with the activation of the renin-angiotensin system (RAS) and sympathetic nervous 
system (SNS) lies in the development of prehypertension, its transition to hyperten-
sion and adverse CV complications. Patients with prehypertension commonly dis-
play the presence of traditional risk factors (i.e. weight gain, hiperinsulinaemia, 
insulin resistance, dyslipidaemia), circulating markers (i.e. high levels of adipo-
kines, inflammatory cytokines) and underlying metabolic abnormalities which 
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potentiate sympathetic activation, thereby playing a triggering role in BP elevation, 
subclinical organ damage, progression to hypertension and further disease contin-
uum. In this context, identifying subjects with prehypertension, mainly in the upper 
end of BP readings and concomitant CV risk, is crucial in prevention of hyperten-
sion and CV events.

25.2	 �Definition

In the past, patients with occasionally elevated BP values were classified as having 
so-called ‘labile hypertension’ and excessive BP variability. Only in the ’70, with 
the absence of clear evidence of a greater BP-related variability, the term ‘labile’ 
was replaced with ‘borderline hypertension’ [1]. The JNC5 (Fifth Joint National 
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 
Pressure) and JNC6 [2] for the first time introduced the term high-normal BP with 
referring values of 130–139/85–89 mmHg. This term and BP range was also main-
tained in the European Society of Hypertension (ESH) guidelines [3]. Thus, over 
the last three decades both definitions with the same BP values have been used.

25.3	 �Heredity

Starting from the observation that normotensive subjects with a family history of 
hypertension were characterized by higher BP values and increased adrenergic tone 
than those observed in subjects without a positive familiar history [4], research was 
focused on the possible influence of inherited genes.

To this aim, a large cross-sectional study on identical and non-identical twins, 
their siblings and family members was performed [5]. Prehypertensives had a heri-
tability for systolic BP (44.6%, p < 0.001) and demonstrated a significant release in 
plasma norepinephrine by 65% (p < 0.001) and heart rate by 62% (p < 0.001). A 
similar impact was observed for cardiac index and systemic vascular resistance 
index. As shown in Fig. 25.1 an increase in LV dP/dT max, an index of cardiac con-
tractility is significantly higher in prehypertensive and hypertensive subjects when 
compared to normotensives suggesting that more than 50% of changes in SBP could 
be accounted for this haemodynamic parameter. A role of the autonomic nervous 
system in the pathogenesis of prehypertension and progression to the hypertensive 
state is well recognized along with genetically determined haemodynamic traits.

Genes are increasingly involved in the pathogenesis of hypertension, however 
the results are still limited. Although some studies identified numerous causative 
genes implicated in the progression of the hypertensive state [6–8], there is a need 
to continue with future human genomic studies
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25.4	 �Prehypertension as a Risk Factor

The relationship between BP and CV risk is well established. Evidence from pro-
spective longitudinal studies documented that the rise in BP from a threshold of 
115/75 mmHg increases the risk for premature CV morbidity and mortality, particu-
larly death from cardiac and cerebral events [9]. The Framingham Study has shown 
that prehypertension is associated with a higher risk of MI and CAD [10]. While the 
link between prehypertension and atherothrombotic brain infarction (ABI) was not 
observed in the Framingham Study, in line with previous findings there was a close 
association between systolic BP and ABI in prehypertensive participants [10].

Further evidence for the relationship between prehypertension and disease pro-
gression was examined in the population-based autopsy Hisayama Study [11]. 
Accordingly, categorized BP levels in the prehypertensive state were significantly 
associated with the severity of renal arteriosclerosis that was irrespective of the 
presence or absence of target organ damage, or of the size of intrarenal arteries [11]. 
These findings suggest that subjects with prehypertension should be considered as 
high-risk population even in the absence of end-organ damage.

Interestingly, a recent population-based study demonstrated that increased dia-
stolic BP (80–89 mmHg) during late pregnancy (maternal prehypertension at 36 
gestational weeks) adversely influences maternal perfusion of the placenta leading 
to foetal outcomes (i.e. a small-for-gestational-age, stillbirth) when compared to 
normotensive women (<80  mmHg) [12]. However, the risk of stillbirth was not 
associated with the rise in diastolic BP from early to late pregnancy.

Given the aforementioned findings it appears that BP levels in the prehyperten-
sive state per se confer an increased prognostic risk with or without the evidence for 
subclinical organ damage. Subjects with high-normal BP have a greater prevalence 
of adverse risk factors when compared to normotensives including an increase in 
body weight or obesity, metabolic syndrome, glycaemic and lipid abnormalities, 
and are more often smokers [13] which additively and synergistically contribute to 
established hypertension and CV disease. The presence of organ damage in high-
normal BP is not uncommon and includes cardiac (i.e. LVH, diastolic dysfunction, 
decreased coronary flow reserve), vascular (endothelial dysfunction, arterial stiff-
ness) and renal damage (microalbuminuria, reduced glomerular filtration rate) 
which are likely to potentiate further risk and disease progression [14]. The Trial of 
Preventing Hypertension (TROPHY) was first controlled clinical trial that estab-
lished the safety and efficacy of an angiotensin receptor blocker for reducing BP 
and preventing or delaying progression to hypertension in subjects with high-nor-
mal BP [15]. However, despite available evidence for increased CV risk in stage 2 
prehypertension, the initiation of BP lowering therapy in this cohort continues to be 
under debate.

Although one in three to four adults of the healthy population can be categorized 
as having high-normal BP, it should be noted that not all individuals with prehyper-
tension are at comparable absolute risk [14]. Further randomized clinical trials are 
urgently required whether treating high-normal BP may improve CV endpoints in 
this cohort.
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25.5	 �Tracking Phenomenon

Tracking phenomena is an important longitudinal characteristic of BP changes in 
response to haemodynamics and metabolic alterations, vascular remodeling and 
underlying neural mechanisms which play a critical role in BP rise over time; the 
transition from normal BP values via prehypertensive state to established hyperten-
sion. A previous study found that plasma noradrenaline levels predicted subsequent 
BP elevation and weight gain in lean normotensive men followed annually over 
5 years [16] suggesting a cause-and-effect relationship between sympathetic activa-
tion and BP. Direct recordings of muscle sympathetic nerve activity (MSNA) mea-
sured in subjects with prehypertension have shown that MSNA tracking corresponds 
with BP changes over time suggesting that tonic activation is likely to influence 
time-related increase in resting BP and development of sustained hypertension in 
prehypertension [17]. As illustrated in Fig. 25.2, subjects with prehypertension have 
increased their systolic BP (Fig.  25.2a) and MSNA (Fig.  25.2b) over an 8-year 
period and one participant developed hypertension and MI between baseline and 
follow-up. A separate subject developed hypertension and received antihypertensive 
treatment over the course of study, and he subsequently had a MI 2 years after study 
completion (Fig.  25.2a, b). Moreover, in this prehypertensive cohort pulse wave 
velocity was directly associated with MSNA after 8 years that was independent of 
BP, body mass index (BMI), heart rate, waist circumference and age suggesting that 
arterial stiffness and sympathetic activation are possible mechanisms underlying the 
associated increased risk, likely contributing to poor CV outcomes. This, however, 
needs to be further explored.
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Fig. 25.2  Individual changes in office systolic blood pressure (SBP) at baseline and after 8 years 
(a) and corresponding individual changes in muscle sympathetic nerve activity (MSNA) at base-
line and after 8 years in all subjects with prehypertension (b). One subject (square) developed 
hypertension and a MI between baseline and follow-up. A separate subject (triangle) developed 
hypertension and received antihypertensive treatment (beta-blocker) over the course of the study, 
and subsequently had a MI 2 years after study completion (at 10 years of follow-up). Modified 
from Ref. [17] with the permission
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25.6	 �Mechanisms Related to Prehypertension

25.6.1	 �Autonomic and Reflex Function

The contribution of adrenergic influence to the prehypertensive state has been sup-
ported by findings from several studies [5, 18, 19]. While a role of white-coat or 
masked hypertension has been frequently suggested as a causative factor for the 
increase in adrenergic tone and BP levels in the prehypertensive state [20–22], other 
mechanisms including reflex and metabolic appear to be involved with a particular 
relevance not only in the early stage but also in sustaining its progression to an 
established condition. As shown in Fig. 25.3 (left panel) prehypertensive state is 
characterized by BP values greater than those observed in subjects with normal or 
optimal BP levels and this was associated with a significant increase in sympathetic 
nerve traffic directly recorded to skeletal muscle (right panel). The dissociation 
observed between the unchanged heart rate and the peripheral nerve traffic could be 
related to the fact that the hyperadrenergic tone affects only the peripheral CV sys-
tem. This hypothesis, however, is not confirmed by the finding that the low-fre-
quency component of the heart rate variability signal is increased in subjects with 
high-normal BP [23]. It is also possible to speculate that, on the basis of previous 
studies [24, 25] in hypertension, heart rate may represent an insensitive marker of 
the overall CV adrenergic activity, due to its predominant parasympathetic control. 
It is also evident that the baroreflex modulation of the sinus-node activity is already 
impaired in high-normal BP state suggesting that the baroreflex heart rate control is 
a very early phenomenon and the effects are already evident with minimal changes 
in BP values (Fig. 25.4) [18].
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Fig. 25.3  Clinic, beat-to-beat (Finapres) and ambulatory (ABPM) blood pressure (BP) values in 
optimal (open bars), normal (grey bars) and high-normal (black bars) BP (right panel); Clinic, 
Finapres and ABPM heart rate in the three groups (middle panel); muscle sympathetic nerve activ-
ity corrected for heart rate (MSNAc) in the three groups (left panel). *p < 0.05, **p < 0.01 refer to 
the level of statistical significance between groups. Modified from Ref. [9] with the permission
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25.6.2	 �Metabolic Changes

This hyperadrenergic state observed in prehypertensives or high-normal BP sub-
jects is likely to sustain as a result of several confounders including white-coat reac-
tion or masked hypertension, or non-dipping status, or psychological stress [26, 27]. 
Nevertheless, the factor more involved appears to be a metabolic one indicating that 
is a greater increase in plasma insulin levels and the relative insulin resistance state 
(Fig. 25.5) [18]. It has also been observed that among prehypertensives there is a 
predominance of those with BMI over 25 [28–30], however the potential influence 
of birth weight and gestational age are still debated [31, 32]. Family history of 
hypertension and obesity represents a risk of suffering from prehypertension 2.25 
times higher compared to the risk in those with a lower BMI. The increase in BMI 
is associated with hyperinsulinaemia and insulin resistance, and is accompanied by 
other alterations including hyperleptinaemia, hypercortisolaemia, vascular altera-
tions, activation of the RAS and natriuretic peptide activity [33].

25.6.3	 �Haemodynamics Characteristics

Old studies have shown that in the earlier stage of the hypertensive state the major 
haemodynamic determinants were high cardiac output with normal peripheral vascu-
lar resistance, often accompanied by an increase in heart rate and inappropriate high 
oxygen consumption [34–36]. This condition is sustained by the hyperadrenergic 
tone through stimulation of peripheral metabolic receptors and simultaneous 
enhancement of α-adrenergic tone. Decreased baroreceptor sensitivity has been 
hypothesized to be an underlying cause of haemodynamic changes observed in these 
subjects [4, 18, 37, 38]. Normotensive subjects with persistence of the hyperkinetic 
state are two or three times more likely to develop hypertension [39]. To explain the 
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transition from hyperkinetic state to established hypertension it is necessary to 
hypothesize a mechanism through which cardiac output decreases and vascular resis-
tance increases with concomitant normalization of markers associated with enhanced 
adrenergic tone. It is more likely that, starting from hyperkinetic state, the decrease 
in cardiac output in the course of hypertension depends on both the elevated BP and 
enhanced sympathetic tone. The enhanced sympathetic tone is also responsible for 
the down-regulation of cardiac β-adrenergic receptors [40]. The reduction in stroke 
volume depends on both a decrease in cardiac compliance and an inadequate myo-
cardial relaxation, thereby contributing to a reduction in left ventricular filling [41].

25.6.4	 �Vascular Changes

Starting from the concept of Folkow [42], it has been show that the development of 
hypertension is accompanied by a progressive increase in vascular resistance. The 
vascular hypertrophy is an adaptive phenomenon of the resistance vessels that carry 
on a progressive thickening of the smooth muscle of the media. This results in an 
increase in wall/lumen ratio, vascular resistance and hyperresponsiveness to the 
vasoconstrictive stimuli, thus amplifying the resistance [43–46]. These structural 
alterations have been shown to be associated with CV functional alterations includ-
ing an early impairment of the left ventricular diastolic function, a reduced arterial 
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distensibility and an increased vascular inflammation [47]. It has also been shown 
that high-normal BP state is associated with a cluster of CV and metabolic risk fac-
tors including an impaired glucose tolerance and dyslipidemia, conditions that are 
associated with neurogenic activation [48, 49]. Recent results based on non-invasive 
evaluation of structural characteristics of retinal microcirculation have shown that in 
high-normal BP state the alterations of microcirculatory patterns are of early appear-
ance in the clinical course of this condition and systolic BP and pulse pressure 
appear to be the major determinants of these structural changes. Data obtained from 
ambulatory BP monitoring have demonstrated the inverse relationship between 
night-time systolic BP and arteriolar/venular ratio suggesting the relevance of noc-
turnal BP overload for the microcirculatory vascular alterations [46]. The neuro-
genic influence to peripheral vessels is well documented in different districts. It 
consists of vasoconstriction that can selectively or differently increase peripheral 
vascular resistance maintaining or increasing BP values to allow organs to be ade-
quately perfused in circumstances in which perfusion is required [50, 51]. Removal 
of sympathetic activity is accompanied by an increase in arterial distensibility indi-
cating that sympathetic activity exerts an influence on the arterial function both in 
small and large vessels [51].

25.6.5	 �Brain Mechanisms

There is growing evidence to indicate that the link between hypertension and the 
brain may be bidirectional [52]. It has been suggested that essential hypertension 
may influence cerebral functioning early in its course or even that the brain regula-
tory dysfunction may be a cause of elevated BP [53]. This concept has been sup-
ported by magnetic resonance imaging (MRI) studies linking exaggerated BP 
reactivity to altered brain activation patterns in response to psychological stress in 
normotensive subjects [54–56]. Very recently, a study which applied fMRI has dem-
onstrated that compensatory functional reorganization (neuroplasticity) in patients 
with established hypertension may precede structural brain damage [57]. Whether 
these functional changes are limited to overt clinical hypertension or they can be 
detected in the group of high-normotensive individuals remain to be elucidated.

Conclusions 

Prehypertensive state is characterized by chronic sympathetic activation, likely 
to contributing to disease progression, adverse CV events in this cohort and pre-
ceding the development of established hypertension. Although the transition 
from prehypertension to hypertension and the strong association with increased 
CV morbidity and mortality have been well documented, the initiation of BP 
lowering therapy is not considered in prehypertension, and it is not even recom-
mended in new-onset hypertension with low to moderate CV risk prior to at least 
3 months lifestyle modification. Given the alarming increase in the disease bur-
den, randomized clinical trials with prolonged observation are urgently needed 
to determine the effectiveness of antihypertensive therapy on CV outcomes 
patients, particularly in subjects with high-normal BP.
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The atherosclerotic continuum, as V Dzau [1, 2] described it, starts with endothe-
lium dysfunction leading to pathological vasomotion followed by early Stary stage 
I and II lesions, the so-called fatty streaks, followed by intermediate lesions, Stary 
III [3]. These first stages are regarded as normal aging process variants character-
ized by the accumulation of lipids in lipid droplets which form more and more a 
lipid core, creating an atheroma (Stary IV) [4]. With increasing collagen content the 
atheroma transforms to a fibroatheroma (Stary V).

The coronary artery remodeling process compensates for any luminal narrowing 
as long as the plaque area does not exceed 40% or 60%, when the vessel circumfer-
ence is measured according to pathological anatomical studies [5]. According to 
intravascular ultrasound studies the remodeling threshold for the plaque area can be 
regarded to be in the range of 45–50% [6–9].

The remodeling phenomenon, today called the Glagov phenomenon, is the main 
reason why luminograms like coronary angiography are not able to detect early 
signs of the vessel wall atherosclerosis [5, 6, 10, 11]. Other techniques like scintig-
raphy, echocardiography, as well as stress electrocardiography remain normal as 
long as the luminal narrowing is not limiting the coronary flow, meaning the myo-
cardial perfusion [12–16]. When the plaque size exceeds the critical level of 
40–50%, coronary angiography can detect some “wall irregularities,” often called 
“minor irregularities” or “nonsignificant” luminal changes. “Significant” coronary 
stenosis are defined as > 70–75% luminal narrowing in single plane and 90–95% 
stenosis in biplane quantitative coronary angiography with a minimal luminal 
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diameter of <1 mm (QCA) [17, 18]. In such lesions the plaque area exceeds 90% 
related to the vessel area. Even after successful percutaneous coronary interventions 
(PCI) plaque area remains to be >70% of the vessel size, when balloon angioplasty 
is used [19, 20].

Acute myocardial infarction, sudden death, and unstable angina are part of the acute 
coronary syndrome and seem to have an identical pathogenesis. Pathological-
anatomical studies have shown that plaque rupture (65%) or erosion (35%) with repeti-
tive micro-emboli and resulting micro-infarcts are leading to the acute events [21, 22]. 
In few cases calcified noduli are found [23]. Depending on the degree of thrombus 
formation—mural or occlusive thrombi—non-ST segment or ST segment elevation 
infarction occurs. If the cardiac biomarkers remain normal, unstable angina is present.

If the lipid core in an eccentric plaque (atheroma or fibroatheroma) reaches 
>40% in a remodeled segment of an artery, a critical, vulnerable, state is reached, 
which is usually accompanied by a thinning of the fibrous cap to 60–80 μm or less, 
reduction of the content of smooth muscle cells but increase of macrophages in the 
fibrous cap, and neo-revascularization of the adventitia [21–24]. An additional fac-
tor has been identified, because plaque hemorrhage of vasa vasorum seems to sup-
port plaque progression and instability [25]. Plaque rupture and healing occur 
repetitively, can be subclinical and explain plaque progression [26]. Multiple signs 
of rupture and healing are frequently found in sudden death cases [26]. Plaque 
regression is, however, characterized by a reduction of the lipid content, core and 
increase of fibrotic tissue, a change of plaque composition [27].

Calcium is found first intracellulary, then extracellulary starting with Stary type 
III, reaching 10% of the plaque composition. Lipid part present another 10%, 
fibrotic tissue, however, 70%, and other tissue make up 10% [24]. Calcium in the 
coronary artery wall can be detected noninvasively, which is known since introduc-
tion of chest X-ray and fluoroscopy. Computed tomography (CT) allows not only 
the detection but also the localization and quantification of coronary artery calcifi-
cation (CAC) [28]. Thus, CT provides the best available noninvasive technique for 
detection of signs of subclinical coronary atherosclerosis, even before any symp-
toms occur due to luminal narrowing.

In the current presentation, the role of subclinical atherosclerosis measured by 
CT will be analyzed in the context of arterial hypertension based on the results of 
the Heinz Nixdorf Recall (HNR) study [29–32].

26.1	 �Coronary Artery Calcification

Previously electronic beam CT was used for CAC imaging worldwide replaced by 
advanced mechanical CT scanners with up to 624 rows. In the HNR study CAC was 
assessed from non-contrast enhanced EBCT scans, performed with a C-100 or C-150 
scanner (GE Imatron, South San Francisco, USA). Prospective ECG-triggering was 
done at 80% of the RR-interval [29]. Contiguous 3 mm thick slices from the pulmo-
nary bifurcation to the apex of the heart were obtained in both scans at an image 
acquisition time of 100 ms. CAC was defined as a focus of at least four contiguous 
pixels with a CT density ≥130 Hounsfield Units. This density is related to a density 
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factor between 1 and 4 (≥130–199, 200–299, 300–399, ≥400) and multiplied with 
the area of the plaque. The CAC Agatston score was computed by summing the CAC 
scores of all foci in the epicardial coronary system. The CT-related X-ray exposure 
could be measured previously and ranges from 1.0 to 1.3 mSv [33]. Thus, the low 
X-ray exposure allows the scanning even of healthy individuals, which was neces-
sary in order to obtain data for estimating the natural history and prevalence of CAC.

26.2	 �Natural History of CAC

The natural history of arteriosclerosis had previously been described in detail [27, 
34, 35]. First intracellular then extracellular calcium is a common sign and found 
not only in advanced atherosclerotic lesions but also in atheroma and fibroatheroma 
close to the lipid necrotic core, even in young individuals <50  years [34–36]. 
Typically, the first signs of coronary arteriosclerosis, indicated by plaque formation, 
are found 2–3  cm from the origin of both the left anterior descending coronary 
artery [34, 35]. Aging is indicated by the progression of the disease leading to 
plaque formation also in the distal part of the left anterior descending and circum-
flex arteries, which was not observed in the same degree in the right coronary artery 
[35]. Also by coronary angiography including patients with multiple lesions and an 
average three vessel disease lesions are found in the proximal left artery descending 
coronary artery followed by the right coronary artery [37, 38]. The natural history 
of coronary artery sclerosis can be assessed by EBCT in more details, as CAC is 
part of the vessel wall, whereas angiography is only a luminogram [39–41].

26.3	 �Prevalence of Coronary Artery Calcification

Already early, it became obvious that coronary artery calcification increases in an 
exponential curvature related to age in each gender as the population-based cohort 
of the Heinz Nixdorf Recall Study demonstrated in 4487 participants at the age of 
45–75 years [42]. In an Army study, CAC was already found in men at the age of 
40–45 years [43]. Very different results were reported, when a cohort of patients 
with or without symptoms were recruited [42]. The age- and sex-related CAC dis-
tribution is very comparable in different cohorts, even in different countries and 
continents as the multi-ethnic study of atherosclerosis (MESA) demonstrated, 
which included 6814 participants at the age of 45–80 years [44]. The results are 
astonishing, as the distribution of risk factors were strikingly different [45]. 
Meanwhile three observational studies have presented their results: the Heinz 
Nixdorf Recall study, the MESA, and the Rotterdam study with very similar results 
in Caucasian participants [44–47]. The percentile distribution of CAC is, however, 
different in other ethnicities [48, 49], as recently the MESA study confirmed [50].

These percentiles of CAC distribution can be used in order to estimate the indi-
vidual vascular age, www.recall-Studie.uni-Essen.de, www.mesa-nhlbi.org [41].

Individual CAC values can be compared to this percentile distribution and 
the difference used to estimate the “vascular age” [41, 44, 45, 51]. In Fig. 26.1 
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Fig. 26.1  (a) Empirical and estimated 50th, 75th, and 90th percentile of the CAC distribution for 
men by age categories [52]. In black for the baseline values (t0), when the participants (1633 men) 
were aged between 45 and 74 years, and in red for the 5-year follow-up data (t1), when the cohort 
was aged 50–79 years. Note the exponential shape of the increase of CAC. Dots represent empiri-
cal percentile values for each 5-year age categories, lines show linear quantile regression on a log 
scale after retransformation. (b) Empirical and estimated 50th, 75th, and 90th percentile of the 
CAC distribution for men by age categories. In black for the baseline values (t0), when the partici-
pants (1848 women) were aged between 45 and 74 years, and in red for the 5-year follow-up data 
(t1), when the cohort was aged 50–79  years. Note the exponential shape of the increase of 
CAC. Dots represent empirical percentile values for each 5-year age categories, lines show linear 
quantile regression on a log scale after retransformation. The y-axis range in (a, b) differ by a fac-
tor of 2.5 in men compared to women [52]
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percentile distribution is shown for men and women, based on the 5 years follow-
up data of the HNR study [52]. The follow-up data show in comparison to the 
baseline data a shift along the given CAC distribution for 5 years without los-
ing the exponential baseline curvature [52]. Based on these analyses a prediction 
of CAC progression became possible allowing the comparison to the observed 
change that means a rated CAC progression could differentiate into a progression 
as predicted, but also into a slow and rapid CAC progression for those showing 
lower or higher values than predicted [53]. For calculation an App is presented at 
“CAC Progression.”

26.4	 �Influence of Risk Factors on Coronary  
Artery Calcification

Traditional and nontraditional cardiovascular risk factors are associated with 
coronary atherosclerosis. The top four factors are smoking, hypercholesterol-
emia, diabetes, and hypertension, since the first description by the Framingham 
study in 1961.

Smoking seems to have a strong influence on CAC and is associated with 
enhanced CAC yielding a vascular age increase of about 10  years in men and 
women. For ex-smokers this effect is smaller and reduced to 5 years in men and 
2–3 years in women [53, 54]. Passive smoking showed a significant association, too, 
but this association was is weak [55].

In addition to smoking hyperlipidemia plays a major role and is of great interest, 
because new medication has been developed to reduce the cholesterol and LDL-
cholesterol (LDL-C) level even below 160 and 70 mg/dL, respectively. Elevated 
levels of total cholesterol and LDL-cholesterol are associated with excessive calci-
fication of coronary arteries. The association between CAC and LDL-C is more 
pronounced in women than in men [56]. Women with an LDL-cholesterol below 
100 mg/dL show nearly no calcification during life, whereas women with an LDL-
cholesterol >190  mg/dL demonstrate an excessive calcification process, which 
starts already very early between 40 and 50 years and yields a vasculature age dif-
ference of 17 years [56]. In men the difference is only 4.5 years [56]. However, 
men with LDL-C have already at the age of 45 years a higher CAC level. The signs 
of coronary arteriosclerosis give a nice opportunity to analyze whether or not other 
parameters of the lipoprotein metabolism may improve the association to CAC 
compared to LDL-C. Apo B shows the highest association to CAC in comparison 
to all other tested lipoprotein parameters even compared to lipoprotein (a). Neither 
the ratio LDL-C/HDL-C, nor Apo B/Apo-A1 or non HDL-C yielded stronger asso-
ciations compared to Apo B or LDL-C. However, the difference to LDL-C is quite 
small, so that in the clinical field LDL-C remains the most important risk factor for 
characterizing hyperlipidemia. The association to triglyceride levels was only 
week and only positive for the highest quartile compared to the lowest in men and 
women [41, 56].

The age- and sex-dependent distribution of CAC is steeper in those with predia-
betes and even more in those with known diabetes mellitus. Again the association 
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for women is more impressive than for men. The vascular age is 13 years higher in 
those with compared to those without diabetes and 4 years for those with prediabe-
tes. In men the difference is for diabetes 4 years but for prediabetes no difference in 
relation to the CAC distribution can be detected.

26.5	 �Influence of Hypertension on Coronary Artery 
Calcification

Recent years have demonstrated that high blood pressure (BP) is one of the most 
important risk factors related to cardiovascular mortality including stroke, myocar-
dial infarction, heart failure, aortic diseases, and renal failure [57–59]. The 7th and 
8th Joint National Committee on Detection, Evaluation and Treatment of High 
Blood Pressure have changed the recommendation of treatment and differ in this 
respect to the European Society of Cardiology (ESC) statements [59, 60]. Parallel 
to the new 8th JNC recommendation the American Heart Association and American 
College of Cardiology published the use of a new ASCVD (atherosclerotic cardio-
vascular disease) score for assessment of CV risk [61]. In addition to the discussion 
of BP thresholds used for treatment [57, 60, 62], both the ESC and the ACC/AHA 
recommendation do use the information about organ damage as an important sign 
of the disease classification already in a subclinical state, but both discuss or nearly 
neglect the use of CAC in order to detect signs of organ damage at the coronary 
artery level [63, 64]. However, in the ACC/AHA guideline on the treatment of blood 
cholesterol to reduce CV risk in adults, a CAC level >300 is recommended to be 
used for reclassification of individuals with LDL-C between 70 and 189  mg/
dL.  CAC is recommended in order to improve the clinician–patient discussion, 
when the ASCVD score is ≥7.5% or 5–7.5%, if a diabetes is present <40 years or 
LDL <70 mg/dL, or when the patient is p > 75 years [63].

As we described earlier [31], epidemiological data show that coronary event 
rates are highest in those with hypertension, intermediate in those with prehyperten-
sion, also called borderline or high normal blood pressure (BP), and lowest in those 
with normal BP [65–70]. The most common first major events after hypertension 
onset are hard ischemic heart disease events with acute myocardial infarction and 
unstable angina in a continuous graded manner with no indication of a critical value 
[71, 72]. But still a controversy exists whether or not prehypertension can be 
regarded as a disease entity and should be treated. However, in prehypertension, 
even an impaired repair capacity of endothelial progenitor cells could be demon-
strated [73] as well as retinal vessel narrowing [54] and increased intima-media 
thickness or even increase of left ventricular mass [75].

In children studied between the age 8 and 18 years and followed until the age of 
29–37 years the prevalence of CAC was 30% in men and 10% in women [76]. The 
risk for CAC was highest for systolic BP in the stepwise multiple logistic regression 
analysis and higher than for body mass index, HDL-C, and LDL-C. This corre-
sponds to the report of MESA showing that in incidental hypertension CAC can be 
regarded as a direct sign of target organ damage of the coronary arteries [77]. 
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However, previous studies failed to demonstrate that treatment of prehypertension 
can be recommended, but demonstrated that it may be more harmful and risky than 
non-pharmacologic interventions [78–80].

In the HNR study we studied the influence of blood pressure on CAC and tested 
the association with outcome data of coronary and CV events [31]. We could 
include 4181 cases between 45 and 75 years between 2000 and 2003, who were 
followed for 7.18 years (median; Q1–Q3: 6.98–8.24 years). Hard coronary events 
were defined as fatal and nonfatal myocardial infarction, cardiovascular events as 
stroke and coronary revascularization. Details on the blood pressure measurements 
were published previously [81]. Trained technicians took three blood pressure 
measurements with an automated oscillometric blood pressure device (Omron, 
HEM-705CP, OMRON Corporation, Hoofdrop, The Netherlands), with appropri-
ate 14 or 16 cm cuff sizes and the participants in the sitting position. The mean of 
the second and third value of three measurements, recorded with a 3 min interval, 
was taken in accordance to the Joint National Committee for Prevention Detection 
and Treatment of High Blood Pressure (JNC 7) guidelines [59]. Participants with 
systolic/diastolic BP <120/<80  mmHg were categorized as normotensive. 
Prehypertension was defined as systolic BP 120–139  mmHg or diastolic BP 
80–89  mmHg. Hypertension was defined as systolic or diastolic BP ≥140 or 
≥90 mmHg, respectively, and subdivided in stage 1 hypertension with either sys-
tolic BP 140–159 mmHg or diastolic BP 90–99 mmHg and stage 2 hypertension 
with either systolic or diastolic BP ≥160 or ≥100 mmHg. Participants were asked 
to bring their medication in order to verify if antihypertensive medication was used 
in order to validate some answers in the questionnaire concerning presence of 
hypertension. Only if antihypertensive medication was verified, we categorized 
these participants as in hypertension stage 2 [31].

Already prehypertensive participants showed higher prevalence of risk factors. 
Hypertensive subjects were older, showed higher BMIs and higher cholesterol and 
triglyceride levels. Prevalence of diabetes increased as well. The Framingham score 
increased in men from 9.4 ± 5.2 in normotensives to 19.2 ± 5.3% in stage 2 and in 
women from 3.6 ± 2.0 to 9.7 ± 5.3%. During follow-up of 7.18 years 2.8% (n = 115) 
experienced coronary and 3.6% (n = 152) CV events. The time to events decreased 
in the higher BP categories. This effect was higher for CV than coronary events 
(Figs.  26.2 and 26.3). In comparison to normotensives, the hazard ratios for the 
combined endpoint were 1.43 (95%CI 0.82–2.50), P = 0.21 for prehypertensives, 
1.52 (95%CI 0.85–2.73), P  =  0.16 for stage 1, and 2.63 (95%CI 1.57–4.43), 
P = 0.0003 for stage 2 hypertensives.

The association between age and CAC scores was strongly dependent on BP 
categories, but more in women than men (Fig. 26.4). Prehypertensive women had 
increased CAC score compared to normotensives, which was not obvious in men, 
but men had roughly a five times higher amount of CAC.

In men, CAC was already found in hypertension stage 2 at the age of 45 years, in 
women at the age of 50 years, which seems to be related to the lower frequency of 
hypertension in women compared to men until 45 years of age [82]. Additionally, 
the prevalence and severity of hypertension increase with age in women, so that 
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beyond 60 years, the majority of women have stage 2 hypertension or receive anti-
hypertensive agents [82, 83]. When CAC is used to estimate “arterial age” [51, 54, 
56], it is about 15 years higher in stage 2 hypertensive women than in normotensive 
women, that is, normotensive women reach any given CAC score many years later 
than women with stage 2 hypertension. But even for prehypertension and hyperten-
sion stage 1, differences of 7–10 years could be demonstrated. In men, however, the 
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differences between the different BP categories were not as striking, but still the 
estimated vascular age in normotensives was lower than in hypertensives. This may 
reflect that CAC in men is stronger influenced by other risk factors than BP alone 
including particularly smoking [84]. Smoking was much more prevalent in men 
than in women, while in women >60 years smoking also increases systolic BP [85]. 
CAC percentile distributions in men and women were similar for smokers, former 
smokers, and never smokers [54]. Yet, men and women with diabetes, prediabetes, 
and no diabetes showed a similar CAC distribution of percentiles as in this study for 
BP. This may reflect that CAC in men is stronger influenced by other risk factors 
than BP alone including particularly smoking [84]. This supports the hypothesis 
that the higher prevalence of current and former smoking in men compared to 
women may be the reason for the observed different distribution of CAC percen-
tiles. It presents a typical biological bias [31].

For the total cohort, the factor of increase in (CAC+1) with 10 mmHg systolic BP 
was very similar in men and women, that is, 1.14 (95%CI: 1.09–1.21), p < 0.0001 
and 1.13 (95%CI: 1.09–1.18), p < 0.0001, respectively, in a full adjusted model [31]. 
The adjusted HRs (full model using age, sex, diabetes, LDL-C and HDL-C, former 
and present smoking, lipid-lowering medication, and BMI) for the combined end-
point in comparison to persons without CAC were 1.68 (95%CI 0.90–3.15) for CAC 
>0–99, 3.09 (95%CI 1.63–5.86) for CAC = 100–399, 7.20 (7.80–13.63) for CAC 
≥400, 1.16 (95%CI 1.03–1.29) for 5 years of age, and 1.61 (95%CI 1.08–2.41) for 
diabetes. In this model presence of lipid-lowering therapy showed no sizeable impact 
with a HR of 0.93 (95%CI 0.59–1.42), P  =  0.68. Figure  26.5 presents in a 
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three-dimensional scheme the influence of BP level and CAC score on the event 
rates. It can be seen that the main influence seems to be the CAC and not the BP level 
itself.

26.6	 �CAC Progression and Blood Pressure

Once CAC is found, it will increase over time in an inevitable manner along a given 
exponential curvature [52]. Related to the baseline measurement the CAC progres-
sion can be predicted and compared to the observed increase [53]. In a recent analy-
sis it could be demonstrated that systolic blood pressure in addition to smoking and 
LDL-C were independent predictors of CAC onset during a follow-up time of 
5 years [53]. Currently it is not known if CAC progression adds to our understand-
ing of the influence of risk factors upon outcome.

26.7	 �Association of Blood Pressure and Outcome 
Dependent on CAC

The degree of CAC seems to be an excellent prognostic marker for coronary and 
cardiovascular events [30, 86, 87]. Thresholds of CAC 100 and CAC 400 represent 
typical levels which correspond to increased and high risk. Interestingly enough, we 
found a stronger association between BP and secondary than primary endpoints 
despite strong associations of BP to CAC. This is in line with previous epidemio-
logic observations showing that hypertension was the most important risk factor in 
77% of persons with incidental strokes and in 69% of those with incidental myocar-
dial infarction [88]. The increase in HRs within CAC score categories with 
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increasing BP is modest, as has been pointed out, except for the increase in risk in 
cases with stage 2 hypertension (Fig. 26.4). However, within each BP category, the 
adjusted HRs of the combined coronary and CV endpoints increased by the amount 
of CAC [31]. The time to events decreased with increasing CAC score categories 
even among prehypertensives with a gradual and strong relationship of risk with the 
degree of CAC (Fig. 26.6). In persons with hypertension, that is, stage 1 and stage 
2, HRs for the combined endpoint in comparison to persons without CAC were 1.96 
(95%CI 1.06–3.63), P = 0.03 for CAC 1–99, 3.46 (95%CI 1.84–6.49), P = 0.0001 
for CAC 100–399, and 7.55 (95%CI 4.03–14.15), P <0.0001 for CAC ≥400 (model 
2, full adjustment). Adjusting this relation between CAC and events in hyperten-
sives (stage 1 and 2) further with respect to age, sex, diabetes, LDL-C and HDL-C, 
former and present smoking, lipid-lowering medication, and BMI confirmed these 
results. HRs were 1.68 (95%CI 0.90–3.15) for CAC = 0–99, 3.09 (95%CI 1.63–
5.86) for CAC = 100–399, 7.20 (7.80–13.63) for CAC ≥400, 1.16 (95%CI 1.03–
1.29) for 5 years of age, and 1.61 (95%CI 1.08–2.41) for diabetes.

�Conclusion
Our data suggest that coronary atherosclerosis measured by CT as a marker of 
target organ damage might be considered for further risk stratification. This applies 
particularly to persons with prehypertension where the clinical significance of 

0 4 6 8 102

C
o

m
b

in
ed

 C
o

ro
n

ar
y 

an
d

C
ar

d
io

va
sc

u
la

r 
E

ve
n

t 
R

at
e

0

0.15

0.20

0.25

0.30

0.05

0.10

Time/years

1.0

2.05 (0.80-5.23)

3.12 (1.10-8.85)

7.72 (2.67-22.27)

Adjusted HR (95%CI)
(Full Model)

Log-rank p<0.0001 for trend

CAC category 0 1-99 100-399 >400

Fig. 26.6  Kaplan-Meier curves of the combined endpoints (fatal and nonfatal myocardial infarc-
tion, stroke and revascularization) in prehypertensives only, stratified by CAC score categories [31]

26  Blood Pressure and Atherosclerosis



374

antihypertensive medication is controversial. Atherosclerosis imaging may help to 
guide lifestyle modification and pharmaco-therapeutic therapy to reduce coronary 
and cardiovascular morbidity and mortality [88]. Interestingly enough, we found a 
stronger association between BP and secondary than primary endpoints despite 
strong associations of BP to CAC.  This is in line with previous epidemiologic 
observations showing that hypertension was the most important risk factor in 77% 
of persons with incidental strokes and in 69% of those with incidental myocardial 
infarction [89]. The relationship between BP, CAC, and endpoints is supported by 
previous cross-sectional analyses from MESA and HNR demonstrating that BP 
was a main determinant of CAC [45]. Similarly, a recent meta-analysis in 73,913 
patients demonstrated for intensive blood pressure reduction a positive effect for 
stroke but not for myocardial infarction in diabetics [90]. Ischemic coronary artery 
disease based on luminal narrowing can be regarded as a direct consequence of 
coronary atherosclerosis, and CAC has a high correlation to total plaque burden 
[91]. Thus, on one hand a strong association with revascularization can be expected, 
on the other hand a weaker association with coronary events, because the underly-
ing process is not directly related to CAC, but to erosion and plaque rupture of thin 
cap fibrous atheroma, as visualized at autopsy [25].

CT scans represent the noninvasive method of choice for detection of CAC, 
which represents a typical sign of subclinical coronary artery disease. For either sex, 
the amount of CAC increases with an exponential curvature. Risk factor analysis 
reaches an explained variance of up to 25–30%. That means a great part of the pro-
cess seems to be genetically determined and heritable, with a strong influence of 
ethnicity. Systolic blood pressure has been identified as the strongest predictor of 
CAC in children followed until the young adulthood. The amount of CAC increases 
depending on the blood pressure level. Between normotensives and hypertension 
stage 2 a striking difference was found, which was more obvious in women than 
men. Even in prehypertensives a higher CAC distribution was found in both men 
and women. In men a biological bias in the elderly was found. The degree of CAC 
was associated with higher coronary and cardiovascular events in each blood pres-
sure category. Compared to the blood pressure categories the CAC values were 
much more predictive of events, even in prehypertensives. This coronary sign of 
subclinical atherosclerosis may be used in the future to preselect those who would 
benefit from pharmaceutic intervention and avoid treatment in others. Meanwhile, 
McEvoy JW et al. have proposed CAC as a guide for a personalized risk-based 
approach to initiation and intensification of antihypertensive therapy [92].
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27Blood Pressure Measurement, 
White-Coat and Masked Hypertension

G. Seravalle, G. Grassi, and Giuseppe Mancia

27.1	 �Introduction

High blood pressure is the most common diagnosis in adult primary care practice 
and the most important cardiovascular risk factor [1].

While it is quite easy to obtain a blood pressure (BP) measurement, it appears 
difficult to estimate the correct BP level in a given circumstance [2] and this should 
be regarded as a surrogate measure for the true BP [3]. Additional modalities capa-
ble to overcome the limitations of the clinic BP measurement, the so-called office 
BP, are now available to physicians wishing to obtain the best BP profile of the 
patients: automated office BP measurement, home BP monitoring, and ambulatory 
BP monitoring (ABPM). These new modalities have also allowed to identify two 
specific phenomena linked to hypertension: the white-coat and masked hyperten-
sion. These modalities also allow to evaluate with more accuracy the efficacy of the 
antihypertensive treatment and are able to correlate with cardiovascular prognosis. 
These aspects will be considered in this chapter.
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27.2	 �Automated Measurement: Advantages in Office 
and Self-Measurement

The automated BP measurement modality allows multiple BP readings being taken 
with a fully automated device while the patient rests quietly and alone in a room. 
This could be particularly useful during office detection. An improved accuracy, a 
reduced digit preference, an absence of observer bias, and a strong relationship with 
target organ damage are advantage of this modality of BP measurement [4, 5]. It has 
been shown a high correlation between automated office BP measurements and 
mean awake ambulatory blood pressure monitoring (ABPM) and target organ dam-
age. This suggests that a replacement of traditional office BP assessment should be 
advocated. Their use should also be suggested and improved for self-measurement 
at home.

Home BP monitoring per se shows several advantages: (a) predicts subclinical 
target organ damage and cardiovascular events similar to ABPM and better than 
office BP; (b) shows considerable agreement with ABPM in detecting white-coat 
and masked hypertension; and (c) improves long-term adherence to antihyperten-
sive drug treatment and hypertension control rates in treated hypertensive patients 
[6]. Thus home BP could have a primary role in the diagnosis and in long-term 
follow-up [7].

27.3	 �Ambulatory BP Monitoring

The analysis of 24 h ambulatory BP recordings can yield a rich body of information 
on different aspects that characterize subjects’ BP daily life. This includes quantifi-
cation of 24  h, daytime and nighttime average BP values, the BP fluctuations 
between day and night, the difference between clinic and 24 h or daytime average 
BP and the different components of overall 24 h BP variability. Several studies have 
shown that these parameters may allow more precise diagnostic and prognostic 
evaluations of the hypertensive state of our patients [8–10]. Several are the method-
ological advantages of this measurement: (a) 24  h average BP values are more 
reproducible than isolated office readings [10]; (b) noninvasive automatic ambula-
tory BP monitoring, although requiring repeated cuff inflations throughout the day 
and night and thus unavoidably worsening sleep quality, does not usually prevent 
the occurrence of a physiological nocturnal BP reduction [11]; (c) automatic and 
semiautomatic cuff inflations do not trigger any alerting reaction and pressure rise 
in the patients [12]; and (d) it is largely unaffected by any placebo effect. ABPM 
enables white-coat hypertension to be ruled out while it facilitates the assessment of 
BP during sleep-time allowing to find a nondipping pattern and nocturnal hyperten-
sion that are strongly associated with increased cardiovascular morbidity and mor-
tality [10].

Some disadvantages should be taken into account. First, the discontinuation 
nature of the BP readings does not prevent the reliable calculation of the 24 h aver-
age BP values and relative BP variability. Second, the accuracy of measurements in 
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ambulant subjects may not be guaranteed even with validated devices. This empha-
sizes the need for adequate signal editing to remove artifacts before proceeding to 
data analysis.

27.4	 �Clinical Value of ABPM

The large diffusion of this technique in a clinical setting has allowed to collect data 
with an important clinical value. Several studies have shown that the organ damage 
associated with hypertension is more closely related to 24 h mean [13] and 24 h 
systolic or diastolic BP has a steeper relationship with cardiovascular morbid or 
fatal events than the corresponding office BP values (Fig. 27.1) [9, 14–17]. This is 
particularly true for left ventricular hypertrophy, alterations in left ventricular func-
tion, increased number of lacunae at the brain level, renal dysfunction, and altera-
tions in small and large arteries [9, 13, 18]. Data coming from controlled studies 
have clearly shown that regression of left ventricular hypertrophy was more closely 
predicted by treatment-induced changes in 24 h average than in clinic BP support-
ing the prognostic superiority of the former approach [19].
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Additional support to the prognostic importance of the day-night BP cycle comes 
from the evidence that absolute nighttime BP values are prognostically superior to 
the daytime ones. In the PAMELA study [9] a 10 mmHg increase of nighttime sys-
tolic BP was accompanied by a much greater increase of cardiovascular mortality 
(Fig. 27.2). This was also evident in the 8.4 years follow-up in the Dublin outcome 
study [16] showing a 21% increase in cardiovascular mortality for the increase in 
night systolic BP. The superior prognostic value of nighttime BP has been found to 
predict also the development of nephropathy [20].

The prognostic importance of the day-night BP reduction has also been docu-
mented in population-based longitudinal studies, confirming data obtained in hyper-
tensive population [15, 21]. In the Ohasama study [22] nondipping was associated 
with a 2.5 increase in cardiovascular mortality than in dippers. This was also evident 
in the 12 years follow-up of the PAMELA study [23].

In addition to day-night BP changes, 24  h BP monitoring allows to evaluate 
short-term variations that are particularly marked and frequent during the day and 
occur in a lesser degree also during the nighttime [24]. These variations largely 
depend on behavioral activities but other factors may favor or oppose BP changes 
through the mediation of the autonomic nervous system and vasoactive substances 
[25]. It has been established that BP variability increases with age and with the 
progression of the hypertensive state [24, 25]. The limitation due to the intermittent 
BP readings is improved with the development of devices that are able to measure 
beat-to-beat ambulatory BP noninvasively, thus allowing a precise quantification of 
the overall magnitude of the BP variations and an analysis of its patterns.

27.5	 �White-Coat and Masked Hypertension

The use of ABPM and home BP measurements has allowed to disclose two condi-
tions unknown during office evaluation: white-coat (WC) and masked hypertension 
[10, 26]. In WCH, out-of-office BP is normal, and BP values in the doctor’s office 
are persistently elevated, whereas in masked is the opposite, that is, out-of-office BP 
is high, where as office BP is normal (Fig. 27.3). The original definition of WCH is 
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based on the belief that this condition is caused by the alerting reaction and transient 
BP rise that accompany the doctor’s visit but because other factors are involved in 
frequently the term isolated office hypertension is used [27, 28]. These definitions 
refer to untreated subjects because in treated patients the BP discrepancy may be 
caused by specific characteristics of the drugs and patients may have had originally 
a sustained BP elevation.

27.5.1	 �White-Coat Hypertension

Although WCH is a consequence of the white-coat effect (WCE), the presence of a sig-
nificant WCE in a given subject may not necessarily be accompanied by WCH, unless 
the rise in BP levels during the medical visit is high enough to reach the hypertensive 
range. In the PIUMA (Progetto Ipertensione Umbria Monitoraggio Ambulatoriale) 
study [21], conducted in more the 1300 hypertensive subjects, it has been shown that 
the severity of hypertension was inversely correlated with the prevalence of WCH but 
directly correlated with the magnitude of WCE. A critical condition for the diagnosis 
of WCH or isolated office hypertension is the occurrence of a persistent BP elevation 
at the time of consultation and of normal out-of-office BP levels over time. Thus iso-
lated elevations in office BP values recorded at the beginning of the first visits and that 
later disappear should be regarded as a temporary BP increase and should not lead to 
the diagnosis of WCH. In some subjects these transient and non-sustained increases 
in BP levels may be the result of an increased BP variability.
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or controlled HT*
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or uncontrolled HT*

Normal
(<135/85 mmHg)

Elevated
(≥135 and/or 85 mmHg)

Normal
(<135/85 mmHg)

Elevated
(≥135 and/or 85 mmHg)

Home or daytime
ambulatory BP 

Home or daytime
ambulatory BP

Elevated
(≥140 and/or 90 mmHg)

Normal 
(<140/90 mmHg)

Office blood pressure levels

Fig. 27.3  Schematic relationship between office and home or daytime ambulatory blood pressure 
in treated hypertensive subjects (asterisk). BP Blood pressure, HT Hypertension
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Also the criteria considered for defining normalcy of BP levels during day-
time may lead to over- or underestimation of the frequency of WCH. After the 
evidence provided by the PAMELA study [29] and other population studies [30, 
31] and meta-analyses [32] supporting a threshold value of <130–135/85 mmHg 
as the upper limit of daytime ambulatory BP normality, the frequency of this 
phenomenon was reported to range from 9% to 16% in the general population 
and from 25% to 46% among hypertensive subjects [16, 33, 34]. While the con-
ventional cutoff value for hypertension is an office values of ≥140/90 mmHg, 
most studies in WCH have used a cutoff value of ≥135/85 mm Hg for out-of-
office daytime or home BP and ≥130/80 mmHg for 24 h BP. Due to the impor-
tance of nighttime BP levels in predicting cardiovascular outcome and the 
presence of high BP levels during the night in some subjects with WCH, the new 
guidelines [10, 26] have expanded the definition of WCH requiring normality not 
only in awake BP values but also in 24  h (<130/80  mmHg) and sleep 
(<120/70 mmHg) BP levels.

Several studies have investigated the clinical importance of WCH. These evi-
dences have shown that WCH is frequently associated with cardiac hypertrophy, 
increased in intima-media thickness or renal damage [35–37]. This was not the case 
in other studies in which end-organ damage was reported to be similar in WCH and 
in normotensive subjects [38]. Also longitudinal studies and a recent meta-analysis 
have reported similar incidence of cardiac and cerebrovascular risk [34, 39, 40]. The 
observation that the incidence of cerebrovascular events in these patients may begin 
to rise with a delay greater than 6–8 years indicates however that WCH is not clini-
cally benign. The ten-year follow-up in the Danish study has shown a significant 
(p < 0.02) increase of cardiovascular risk (+25%) [41].

A greater prevalence of metabolic risk factors has been shown in WCH in longer 
follow-up observation period and this could be associated with the 1.5–2-fold higher 
risk of developing new-onset diabetes or sustained hypertension [16, 42]. A higher 
24 h blood pressure variability with independent and adverse prognostic effects has 
been observed in WCH than in normotensives and this may contribute to the 
increased cardiovascular risk of these patients [23].

27.5.2	 �Masked Hypertension

The prevalence of masked hypertension (normal office BP and elevated ambulatory 
or home BP values) is thought to be 10–15% of the general population [26]. These 
subjects should have undergone further examinations because data have clearly sug-
gested that in this condition (a) there is a greater prevalence and severity of meta-
bolic risk factors; (b) common is the relief of subclinical cardiac, vascular, or renal 
damage; (c) the long-term risk of developing sustained hypertension, diabetes, or 
left ventricular hypertrophy is 2–3 times greater than that of individuals with normal 
in- and out-of-office BP; and (d) there is a greater incidence of cardiovascular mor-
bid and fatal events with an overall risk quite closer to established hypertensive 
subjects [26, 42–46].
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27.6	 �Pathogenetic Mechanisms

As regard the mechanisms, evidences have shown [47–49] that white-coat hyper-
tension is characterized by a marked adrenergic overdrive that appears to be wide-
spread to the whole circulation. It has been shown that muscle sympathetic nerve 
traffic is about 30% greater in white-coat as compared to age-matched normoten-
sives and that the magnitude of the adrenergic overdrive is almost superimposable 
to the one characterizing essential hypertension. Direct recordings of sympathetic 
nerve traffic have shown that the pronounced activation of skin nerves and the con-
comitant sympathetic inhibition of muscle sympathetic nerve traffic may be similar 
to a “defense reaction” that has been described in animals. This reaction depends 
on the activation of superior areas integrating emotional factors [50]. It has been 
shown that patients with WCH display a higher state of anxiety. Application of 
laboratory stressors has allowed to show that patients with WCH are not necessar-
ily hyperreactive to all types of emotional stimuli [29]. Microneurographic studies 
by our group have shown that this adrenergic overactivity observed in essential 
hypertension and WCH is also associated with an impairment in the baroreflex 
control of heart rate, but not of sympathetic neural drive [48, 49]. Patients with 
WCH also display higher circulating levels of asymmetric dimethylarginine, thus 
suggesting a possible presence of endothelial dysfunction, although not specific for 
this hypertensive state [51, 52].

Similarly to WCH, masked hypertension is characterized by a hyperadrenergic 
tone, similar to that observed in WCH and essential hypertension, and by an impair-
ment of baroreflex-mediated cardiovascular control [48]. Some pathophysiological 
factors have been hypothesized for development of this condition, i.e., increased 
reactivity to stressor stimuli, smoking, excessive alcohol intake, and endothelial 
dysfunction; nevertheless the mechanisms responsible for the increase in BP load 
during ambulatory blood pressure monitoring or at home while office BP remains 
normal are still unknown [53, 54].

27.7	 �Prognostic Evidences

The different results of studies on the prognostic value of WCH justify the hypoth-
esis that this condition may have a high prognostic heterogeneity due to its coexis-
tence with metabolic risk factors, subclinical organ damage, and other factors 
involved in cardiovascular risk. Thus the relationship with an increased incidence of 
morbid and fatal cerebrovascular and cardiac events may be similar both to normo-
tension and hypertension. Analysis of the PAMELA data has detected two possibili-
ties to differentiate the cardiovascular risk level within the WCH category. One, 
because in all individuals of this study measurements included both ambulatory and 
home blood pressure, WC hypertensives were subdivided into those in whom both 
out-of-office BP values were normal and those in whom one BP was normal while 
the other was elevated [55]. As shown in Fig. 27.4 the incidence of cardiovascular 
events was markedly greater in the latter group. The information obtained is 
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therefore redundant. The combined use of these two approaches may serve to iden-
tify WC hypertensives in whom a substantial increase of cardiovascular risk may 
justify not only a close follow-up but perhaps also the initiation of antihypertensive 
treatment. The second possibility is related to the repetition of office blood pressure 
measurements. WC hypertensive subjects were subdivided into four groups accord-
ing to whether this condition was found twice or only in one of the office visits. 
Subjects with stable WCH had an incidence of cardiovascular morbidity and mor-
tality that was greater than that of individuals in whom the office BP elevation was 
seen one time only.

27.8	 �Management

Subjects with diagnosis of WCH and masked hypertension need a diagnostic and 
therapeutic workup to investigate the existence of metabolic risk factors and the 
presence of target organ damage. They also need frequent follow-up visits and peri-
odical reassessment of risk factors.

While change in lifestyle should be recommended to reduce metabolic abnormali-
ties and the risk of developing diabetes and hypertension, debated is the need of anti-
hypertensive treatment. This issue has never been addressed in specifically designed 
trials, and large-scale trials on the protective effects of antihypertensive drug treatment 
have never made use of ambulatory or home-blood pressure measurements except in 
small subgroups of patients [56]. Because an incorrect diagnosis and treatment of 
masked hypertension may lead to a worse cardiovascular prognosis, it is fundamental 
to identify those subjects at higher risk in order to make ambulatory blood pressure 
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Fig. 27.4  (a) Cumulative incidence and (b) hazard ratio (HR) for cardiovascular (CV) and all-
cause mortality in normotensives (NT), white-coat hypertensives (WCH), and true hypertensives 
(HT) of PAMELA study over a long follow-up. NT and true HT were defined by office, home, and 
ambulatory blood pressure normality and elevation, respectively. WCH was defined as true or 
partial according to whether respectively (1) both ambulatory and home blood pressure were nor-
mal and (2) or only one of these pressures was normal. Data were adjusted for age, sex, smoking, 
blood glucose, serum total cholesterol, body mass index, antihypertensive treatment, and history of 
cardiovascular events. From Ref. [55], with permission

G. Seravalle et al.



391

monitoring only for those with particular evolution toward diabetes and hypertension 
or with BP alterations during bedtime due to the fact that even small reductions in 
out-of-office blood pressure might induce cardiovascular protection.

�Conclusions
An improvement on the methods for measuring BP in the doctor’s office is 
needed and should be accompanied with a maintenance of standardized rules. A 
proper diagnostic approach to the subject who presents with elevated BP levels 
in the medical office should include implementation of out-of-office BP monitor-
ing for defining whether elevation in BP levels is true or just the result of the 
white-coat effect. Although ambulatory blood pressure monitoring is considered 
the reference standard to characterize different subtypes of hypertension, home 
BP measurements have proved to be similarly effective to discriminate true to 
false hypertensive or normotensive. The diagnostic approach should be accom-
panied by the evaluation of metabolic alterations and presence of target organ 
damage and other factors capable to influence the short- and long-term variabil-
ity of BP values. While confirmation of WCH would avoid starting antihyperten-
sive treatment in subjects who have otherwise normal out-of-office BP levels, 
identifying persistent WCH in treated subjects may prevent performing unneces-
sary and costly additional diagnostic tests, also preventing increasing doses or 
number of medications. Because of the higher cardiovascular risk of WC and 
masked hypertensive patients, these deserve a more thorough evaluation and 
follow-up than normotensive ones.
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28Blood Pressure Variability

Gianfranco Parati and Juan Eugenio Ochoa

28.1	 �Introduction

Blood pressure (BP) values change significantly over time in response to environ-
mental, behavioral, and emotional stimuli. These variations represent a complex 
phenomenon, and their assessment is possible by means of different BP measure-
ment methodologies over different time windows: from beat to beat [very short-
term BP variability (BPV)], within 24 h (from minute to minute, hour to hour and 
from day to night; short-term BPV), over different days (midterm day-by-day 
BPV), or between clinic visits performed over weeks, months, seasons, and years 
(long-term BPV) [1]. While in physiological conditions these variations represent 
an adaptive response to environmental stimulations from daily life, they may also 
reflect, however, alterations in cardiovascular regulatory mechanisms or underlying 
pathological conditions. The clinical significance of BPV has been supported by a 
large body of evidence showing that the BP-related cardiovascular risk may depend 
not only on average BP levels but also on the degree of BPV. Either in the short-term 
(24 h), in the midterm (day-by-day), or in the long term (visit-to-visit), increasing 
values of BPV have been shown to be associated with development, progression, 
and severity of cardiac, vascular, and renal organ damage and with an increased risk 
of cardiovascular events and cardiovascular and all-cause mortality (Fig. 28.1). The 
evidence is limited, however, regarding the question on whether an enhanced BP 
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variability (considered as an early marker of autonomic dysregulation) may repre-
sent also a marker of future hypertension during the prehypertensive (or high nor-
mal BP) state. Aim of this chapter is to review the current evidence in the field of 
BPV regarding its mechanisms, the methodological aspects that should be consid-
ered for its assessment, its relevance and significance for cardiovascular prognosis 
as well as its potential for application in clinical practice. In its last part a brief men-
tion is made on the possible role of BPV as a predictor of future hypertension, as 
well as on the possibility that the assessment of BPV might contribute to improve 
the management of subjects with high normal office BP elevation, also defined as 
prehypertension.

28.2	 �Very Short-Term and Short-Term BPV

28.2.1	 �Mechanisms

In physiological conditions, BP fluctuations occurring beat-by-beat and within the 
24 h may represent an adaptive response of neural [2–4], humoral, vascular [5–8], and 
rheological mechanisms to environmental, behavioral, and emotional stimuli of daily 
life. However, when increases in short-term BPV are sustained, they may also reflect 
alterations in regulatory mechanisms (i.e., enhanced sympathetic drive and impaired 
baroreflex function) in the context of pathological conditions or neurological disor-
ders associated with autonomic dysfunction. Among short-term BP variations, altera-
tions in slower changes occurring from day to night (i.e., non-dipping or rising pattern 

↑Central Sympathetic drive
↓Arterial/ cardiopulmonary reflex
Humoral, rheological, environmental,
behavioral and emotional factors
Activity/ Sleep, Age

Ventilation

↑ Very short-term BPV
(beat to beat)

↑ Short-term BPV
(over 24 h)

↑ Midterm BPV
(day-to-day)

↑ Long-term BPV
(visit-to-visit <5years)*

↑ Very long-Term BPV
(visit-to-visit≥5years)*

Seasonal
change

Aging

Improper dosing or
titration of AHT
↓ Arterial compliance
Age

↓ Adherence and
compliance to AHT
BP measurement errors
Age

Fig. 28.1  Different types of blood pressure (BP) variability (BPV), their determinants, and prog-
nostic relevance. Taken from [1] by permission. †Cardiac, vascular, and renal SOD; ‡BPV on a 
beat-by-beat basis has not been routinely measured in population studies. Modified from Parati 
et al. with permission. AHT Antihypertensive treatment, CV Cardiovascular, eGFR Estimated glo-
merular filtration rate, ESRD End-stage renal disease, IHD Ischemic heart disease, MA 
Microalbuminuria, MI Myocardial infarction, and SOD Subclinical organ damage
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of BP at night) have shown to be importantly influenced by subject’s behavioral fac-
tors such as daytime levels of activity, changes in the sleep/wakefulness cycle, altera-
tions in autonomic cardiovascular modulation, increased sympathetic activity during 
nighttime [4, 9], increased salt sensitivity and reduced sodium excretion [10, 11], 
sleep-related breathing disorders, obesity, insulin resistance [12], endothelial dysfunc-
tion [13], or specific drugs intake [14, 15]. A list of intrinsic cardiovascular mecha-
nisms and extrinsic factors responsible for BP fluctuations occurring in the very short 
term and in the short term are summarized in Table 28.1.

28.2.2	 �Methods for Assessment of Different Types  
of Blood Pressure Variability

An accurate assessment of fast BP fluctuations occurring in the very short term 
requires implementation of continuous beat-to-beat BP recordings over variable 
recording periods (i.e., 1 min to 24 h). These recordings not only allow estimation of 
the standard deviation (SD) of average BP levels (a traditional index of BPV), but also 
of very low-, low-, and high-frequency components of BP spectra contributing to 
overall BPV, thus allowing an indirect evaluation of autonomic cardiovascular modu-
lation [16]. However, the difficulties in implementing continuous invasive recordings 
outside the laboratory setting in a daily life situation on one side and the instability of 
measurements, the cost, and technical difficulties in performing noninvasive beat-by-
beat recordings on the other side have prevented the assessment of beat-by-beat BPV 

Table 28.1  Intrinsic cardiovascular mechanisms and extrinsic factors responsible for BP fluctua-
tions occurring in the very short term and in the short term

Intrinsic cardiovascular regulatory mechanisms
•  Neural: Central sympathetic drive; Arterial and cardiopulmonary reflexes
•  Rheological: Blood viscosity
• � Humoral: Catecholamines; Insulin; insulin resistance; angiotensin II; Bradykinin; 

Endothelin-1; Nitric oxide; endothelial dysfunction
•  Vascular: viscoelastic properties of large arteries
•  Renal: salt sensitivity and sodium excretion
•  Genetic susceptibility: peripheral vasomotor modulation
Extrinsic factors
•  Emotional: psychosocial stressors
•  Environmental: seasonal and altitude-related changes
• � Behavioral: job strain, levels of physical activity, sleep/wakefulness cycles, quality and 

duration of sleep, postural changes, patterns of sodium intake
Pathological conditions
•  Sleep-related breathing disorders (i.e., OSAS)
•  Carotid artery disease
•  Arterial hypertension
•  Chronic kidney disease
•  Heart failure
•  Diabetes mellitus
•  Postural orthostatic tachycardia syndrome
•  Parkinson’s disease

28  Blood Pressure Variability
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from being widely used in clinical practice. Although continuous beat-to-beat BP 
recordings would represent the optimal solution also for assessment of short-term 
BPV, its assessment is also possible through noninvasive, intermittent 24 h ABPM, at 
intervals between measurements from 15 to 30 min [17, 18]. This allows the straight-
forward estimation of short-term BPV for the whole 24 h period and separately for the 
daytime and nighttime subperiods. Table 28.2 summarizes some important aspects 
regarding the assessment of very short-term and short-term BPV.

Table 28.2  Different components of BPV and methods for their measurement

Characteristic

Very short-term 
BPV
(beat-by-beat)

Short-term BPV
(within 24 h)

Midterm BPV
(day-by-day)

Long-term BPV
(visit-to-visit)

Method for BP 
measurement

Continuous BP 
recordings in a 
laboratory setting 
or under 
ambulatory 
conditions

ABPM HBPM
ABPM over 
≥48 h

OBP
HBPM
ABPM

Measurement 
intervals

Beat-to-beat 15–20 min intervals 
for day and night, 
respectively. A 
15-min interval for 
the whole 24 h time 
desirable but not 
always feasible

Day-by-day Spaced by visits 
over weeks, 
months, and 
years.
For treatment 
changes, allow a 
3-month window 
before estimating 
BPV

Number of 
measurements

Variable 
depending on 
patients’ heart rate 
and recording 
duration

Ideally 87–96, at 
least 72 valid 
measurements 
when focusing on 
BPV

Duplicate BP 
measurements 
in the morning 
and in the 
evening (1 min 
apart) for each 
day over 7 days

At least 2–3 BP 
measurements 
during a visit 
(1 min apart) 
when using OBP
Duplicate BP 
measurements in 
the morning and 
in the evening 
(1 min apart) for 
each day over 
7 days before 
each clinic visit 
when using 
HBPM.
At least 48 valid 
measurements for 
ABPM

Time of 
measurement 
in treated 
patients

NA NA Morning BP 
measurements 
before drug 
intake

Before drug 
intake (or maybe 
drug intake 
within 24 h 
before office 
visit?)
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Table 28.2  (continued)

Characteristic

Very short-term 
BPV
(beat-by-beat)

Short-term BPV
(within 24 h)

Midterm BPV
(day-by-day)

Long-term BPV
(visit-to-visit)

Duration of the 
recording 
period

Variable recording 
periods (1 min to 
24 h)

24–48 h Several days, 
preferably 7 (at 
least 3 days), 
over weeks or 
months

Months to years

Time of 
measurement

Variable 24 h/daytime/
nighttime

Morning and 
evening

Time of visit 
when using OBP 
to be 
standardized 
within a study
Morning and 
evening when 
using HBPM

Main Indices 
of BPV

SD, CV, AVR
Indices of BPV in 
the frequency 
domain can be 
estimated also 
through spectral 
analysis (that is, 
very low-, low-, 
and high-
frequency 
components). 
Indices of 
nonlinear BP 
changes

SD, CV, ARV, VIM 
of 24 h, daytime 
and nighttime BP; 
time rate of BP 
changes;
24 h weighted SD
Indices of slower 
BP fluctuations 
(nighttime BP 
dipping, morning 
surge); Slower BP 
fluctuations and 
residual 
components 
through spectral 
analysis

SD, CV, ARV, 
VIM, morning–
evening 
changes, 
maximum 
values

SD, CV, ARV, 
VIM

Stable 
treatment

NA Yes Yes Not always

Advantages Beat-to-beat 
recordings allow 
assessment of 
indices of 
autonomic 
cardiovascular 
modulation.

Extensive 
information on 24 h 
BP profile 
(nighttime BP 
dipping, morning 
surge).
Assessment of 
efficacy of 
antihypertensive 
drug treatment over 
24 h.

Appropriate for 
both midterm 
and long-term 
monitoring 
devoid of the 
white-coat 
effect.

Assessment of 
consistency of BP 
control by 
treatment over 
time.
Detection of 
seasonal BP 
changes.

(continued)

28  Blood Pressure Variability



400

28.2.3	 �Indices for Estimation of Very Short-Term BPV and Short-
Term BPV

In general, indices for assessment of BPV over 24 h can be classified into two main 
groups: (a) indices of overall variability, focusing on faster BP variations occur-
ring reading-to-reading over the 24 h period which assess either the frequency com-
ponents of BP spectra in the frequency domain, or, in the time domain, the degree 
of dispersion, the sequence, or the instability of BP values over a certain period of 
time; and (b) indices for estimation of specific BPV patterns, focusing on slower 
BP variations within 24 h associated with circadian BP changes (i.e., day/night BP 
profiles) or with other behavioral factors ( i.e., “siesta,” awakening in the morning) 
(see Table 28.3).

Assessment of very short-term BPV is only possible from continuous beat-to-
beat BP recordings [16]. In addition to calculation of Standard Deviation (SD) 
and other traditional indices of BPV, continuous BP recordings allow estimation 
of indices of autonomic cardiovascular modulation by applying power spectral 
analysis. It decomposes the overall BP Variance or Power into its different com-
ponents oscillating at different frequencies. The corresponding spectral indices 
are usually obtained by integrating the BP power spectrum over different fre-
quency bands by focusing on those reported to have a pathophysiological or clini-
cal relevance. This is usually done by computing BP spectral powers over a 
high-frequency band (HF power, between 0.15 and 0.50  Hz), a low-frequency 
band (LF power, between 0.15 and 0.07 Hz, centered around 0.1 Hz), and a very 
low-frequency band (VLF power, <0.07 Hz). These indices yield information on 
the autonomic control of circulation, on the baroreflex function, and the influence 
exerted by respiratory activity.

Short-term BPV may be estimated from noninvasive, intermittent 24  h ABP 
recordings with measurements taken at intervals from 15 to 30 min [17, 18], by 

Table 28.2  (continued)

Characteristic

Very short-term 
BPV
(beat-by-beat)

Short-term BPV
(within 24 h)

Midterm BPV
(day-by-day)

Long-term BPV
(visit-to-visit)

Disadvantages Stability of 
measurements 
might not be 
guaranteed outside 
the laboratory 
setting. Possibility 
of measurement 
artifacts.

ABPM: Cannot be 
repeated frequently.
Not well tolerated.
Not widely 
available Difficult 
to standardize 
subjects’ behavior 
over 24 h.

Patients’ 
training required 
for HBPM.
48 h ABPM not 
well tolerated.

OBP and HBPM 
provide limited 
information on 
diurnal BP 
profiles.
Based on 
retrospective 
analysis of 
available data.

Taken from Parati et al. [1] modified by permission. BP Blood pressure, BPV Blood pressure varia-
tions, ABPM Ambulatory blood pressure monitoring, HBPM Home blood pressure monitoring, 
OBP Office blood pressure, SD Standard deviation, CV Coefficient of variation, ARV Average real 
variability, VIM Variability independent of the mean
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calculating 24 h SD, and also the respective SD for the day- and nighttime subpe-
riods [17, 19]. SD represents the most commonly used index for assessment of 
short-term BPV and provides a measure of values dispersion over selected time 
windows (24 h, day and night). SD is affected by trends in BP (e.g., day-night 
change) and increases with increasing average BP values. In order to account for 
such a dependence of SD and other absolute measures of BPV on mean BP levels, 
the coefficient of variation (CV, SD* 100/BP mean) may be computed [19]. 
Weighted 24 h SD (wSD) selectively removes the contribution provided by night-
time BP fall to 24 h SD, by weighting daytime and nighttime BP SD for the dura-
tion of the day- and nighttime periods, respectively, and by averaging the SD of 
these two time subperiods [20]. The corresponding weighted CV may be calcu-
lated as well. Average Real Variability (ARV) is an index of overall variability 
based on readings sequence. It is computed as the average of the absolute differ-
ences between consecutive BP measurements over 24 h. It focuses on the sequence 
of BP readings, thus reflecting short-term, reading-to-reading, within-subject 
variability in BP values [21]. ARV has been shown to be a more specific estimate 
of 24 h BP variability and a more effective predictor of outcome than SD. Indeed, 
subjects with different 24 h ABP profiles may have similar SD but different ARV 
[21–23]. ARV effectively removes the contribution of trends in mean BP to overall 
BPV and is correlated with mean BP levels. Other indices of overall variability 

Table 28.3  Indices for estimation of different types of BPV

Overall BPV
Type of index Type of BPV assessed
Frequency:
–  Spectral Indices (HF, LF, VLF)
–  Residual variability

Short-term BPV
Very short-term BPV (spectral analysis)

Dispersion:
–  Standard Deviation (SD)
–  Coefficient of variation (CV)
–  Variability Independent of the Mean (VIM)
–  Weighted 24 h SD (wSD)a

Short-term BPV
Midterm BPV
Long-term BPV

sequential changes:
–  Average Real Variability (ARV)
–  Interval Weighted SD (wSD)
–  Time rate of BP fluctuationsb

Short-term BPV
Midterm BPV
Long-term BPV

Instability:
–  Range (Maximum-minimum BP)
–  Peak size (Maximum BP)
–  Trough size (Mean-minimum BP)

Short-term BPV
Midterm BPV

Specific patterns of BPV
Nocturnal BP fall
Night/day ratio
Morning Blood Pressure Surge (MBPS)
Afternoon siesta dipping
Postprandial Blood Pressure Fall

Short-term BPV

aAssessment of Short-term BPV only
bNot for assessment of Short-term BPV

28  Blood Pressure Variability



402

based on reading sequence include time rate of BP fluctuations (similar to ARV 
but quantified as a function of time to provide information also on speed of BP 
changes) and interval weighted SD (similar to SD), both of which take into 
account the interval between measurements giving larger weight to more distant 
pairs of readings. Variability Independent of the Mean (VIM) excludes the 
effect of mean BP on BPV by applying nonlinear regression analysis (i.e., plotting 
SD against mean) [24]. For its estimation, it requires calculation of a factor x from 
overall population data. Short-term BP variability may also be assessed by estima-
tion of Instability indices that take into account extreme readings of the distribution 
of BP values within a given time window such as Range (Maximum-Μinimum 
BP); Peak and Trough values, Peak size (Maximum-Mean BP), and Trough 
size (Mean-Minimum BP). Although some studies have demonstrated their clini-
cal value, a major limitation of these indices is that extreme readings have limited 
reliability within a given distribution of values, including ABPM data, especially 
when focusing on individual subjects, being unstable and prone to show measure-
ment artifacts more than actual BP values.

It is also possible, from 24  h ambulatory BP recordings, to evaluate Specific 
Patterns of BPV associated with the day/night cycle (representing slower fluctua-
tions within a 24 h time period) or with other behavioral factors (i.e., “siesta”). One 
of the most common among these indices of BPV estimated from 24 h ABPM is the 
nocturnal BP fall. The reduction in BP during the night can be expressed as per-
centage of daytime BP [Nocturnal BP fall = (Daytime BP − Nighttime BP)*100/
Daytime BP)] which is mathematically equivalent to the night/day ratio. When con-
sidering the degree of nocturnal BP fall (dipping) subjects may be classified into 
four different categories: (i) normal dipping (fall in nighttime systolic and diastolic 
BP between 10% and 20%); (ii) non-dipping (or more precisely reduced dipping, 
with a fall in nighttime systolic and diastolic BP <10%); (iii) rising or “inverted dip-
ping” (increase in nighttime BP compared to daytime values); and (iv) extreme 
dipping (BP fall during night >20%) [25].

Another index of short-term BPV that can be estimated from 24 h ABPM and 
which has been suggested to carry a prognostic value is the morning BP surge 
(MBPS). It is computed in different ways, as a function of the different time points 
set by the researcher to define wake and sleep time periods. The most commonly 
employed method is the calculation of the difference between the lowest BP value 
at night and the highest BP value recorded shortly after awakening. However, when 
computed in this way, its correlation with nocturnal BP fall may represent a chal-
lenge in the interpretation of its impact on outcome data. Other patterns of BP varia-
tions that can be evaluated from 24 h ABPM are the Siesta dipping (i.e., the BP fall 
observed in populations where having an afternoon nap (siesta) is a common habit) 
and the Postprandial BP fall which, when excessive, may indicate altered auto-
nomic function. However, up to date, no standards have been provided regarding the 
calculation of these indices.
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28.2.4	 �Clinical Significance

Several studies have provided evidence supporting the predictive value of short-
term BPV either for target organ damage or for cardiovascular events. Most evi-
dence supporting the association of very short- and short-term BPV with target 
organ damage is derived either from cross-sectional studies reporting on such rela-
tionship, or from prospective studies on the predictive value of BPV regarding the 
development and progression of target organ damage [1]. Early studies implement-
ing intra-arterial beat-to-beat BP recordings in hypertensive subjects showed that 
at nearly any level of 24 h mean BP, the prevalence and severity of target organ 
damage was higher in subjects with higher 24 h BPV [26], and that BPV at base-
line was a significant predictor of target organ damage, in particular of left ven-
tricular hypertrophy, at the end of follow-up [27]. Regarding the value of short-term 
BPV as assessed from intermittent ABPM recordings, a recent meta-analysis has 
shown a significant, although moderate, association between left ventricular mass 
index and SD of 24 h systolic BP, SD of daytime systolic BP, wSD of 24 h systolic 
BP, and ARV of 24 h systolic BP [28]. Other studies have shown an independent, 
although moderate, relationship between short-term BPV and carotid atherosclero-
sis [29], arterial stiffness, and renal function [7, 30–32]. However, not all studies 
have reported significant associations [33, 34]. Regarding CV outcomes, several 
studies and analyses of ABPM registries have confirmed the prognostic role of 
short-term BPV. An analysis of the International Database on Ambulatory blood 
pressure in relation to Cardiovascular Outcomes (IDACO) showed a significant 
predictive value for short-term BPV for most outcomes, ARV of 24 h systolic/dia-
stolic ambulatory BP being a better predictor than SD although the independent 
additional contribution of BPV to cardiovascular risk was rated as being of minor 
importance [22]. The analysis of the ABP-International database showed SD of 
nighttime systolic ambulatory BP to be an independent predictor of cardiovascular 
events, cardiovascular death, and all-cause mortality in contrast to daytime values 
[35]. In the Pressioni Arteriose Monitorate e Loro Associazioni (PAMELA) study, 
there was an independent relationship between the risk of death and SD of 24 h, 
daytime, and nighttime BP [36]. Moreover, the adjusted risk of cardiovascular 
death was inversely related to day-night diastolic BP difference and showed a sig-
nificant positive relationship with residual diastolic BPV, as computed by spectral 
powers of 24 h ABP recordings, after removing the contribution of day-night BP 
changes [36]. Accumulating evidence suggests that specific patterns of the diurnal 
BP variation may indeed have an important prognostic role. Nighttime ambulatory 
BP carries superior prognostic value as compared to other components of 24  h 
ABPM [37–39]. Ιn this context, several studies have investigated whether BP fluc-
tuations occurring from day to night or vice versa may have additional prognostic 
value. More specifically, a non-dipping or even a rising pattern at night have been 
shown to be associated with increased cardiovascular risk, although recent 
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evidence suggests that it is the nighttime average BP level that mainly matters [38]. 
Likewise, an increased morning BP surge is associated with a high incidence of 
cardiovascular events and mortality, but this should be interpreted in the context of 
the significant relationship between the degree of morning BP surge (carrying high 
risk) and the degree of nighttime BP fall (carrying low risk), which may affect 
calculation of the extent of BP rise in the early morning and the interpretation of its 
prognostic value [40, 41].

Evidence on whether short-term BPV might improve cardiovascular risk stratifi-
cation over and above average BP levels has been provided by some studies. While 
in the ABP-International study, the relative integrated discrimination improvement 
for an increased value of the SD of nighttime systolic BP ranged from 8.5% to 
14.5% for cardiovascular and mortality outcomes [35], in the IDACO analysis, ARV 
added only 0.1% to prediction of the risk of a composite cardiovascular event [22]. 
This might have depended, however, on the inclusion of data obtained in different 
populations with different methodology for ambulatory BP monitoring.

Regarding possible threshold values for short-term BPV, evidence has been pro-
vided by some outcome studies. An analysis of the ABP-International database 
showed that a SD of nighttime systolic ambulatory BP ≥12.2 mmHg (compared 
with SD <12.2 mmHg) was associated with greater risk of cardiovascular events 
(41%), cardiovascular death (55%), and all-cause mortality (59%) [35]. The corre-
sponding risk estimates for a SD of diastolic BP ≥7.9 mmHg were 48%, 132%, and 
77% [35]. The IDACO analysis also presented the risk of total and cardiovascular 
mortality by fifths of distribution of ARV showing progressively increased risk 
among quintiles, with higher event rate at systolic/diastolic ARV values of 
16.2/12.4 mmHg, respectively [22].

Studies have also been conducted addressing whether short-term BPV may be 
reduced by specific classes of antihypertensive drugs. In the Natrilix SR Versus 
Candesartan and Amlodipine in the Reduction of Systolic Blood Pressure in 
Hypertensive Patients (X-CELLENT) Study, the effect of different antihypertensive 
agents (candesartan, indapamide sustained release, and amlodipine) as compared to 
placebo on short-term BPV was examined. Amlodipine and indapamide were the 
only agents associated with a significantly decreased short-term BPV after a 
3-month treatment [42]. Another report in hypertensive subjects showed that sub-
jects treated with Calcium Chanel Blockers (CCBs) or diuretics alone, or in addition 
to other drugs, had significantly lower SD of 24 h systolic BP compared with those 
not treated with these drug classes [43].

Since the vast majority of drugs do not have an effect lasting long enough to 
smootly cover the 24 hours, as shown by their trough-to-peak ratio being signifi-
cantly lower than 100%, it is expected that their anti-hypertensive action is dimin-
ished during nighttime and the early morning hours of next day, when a drug is taken 
in the morning. This phenomenon may have important implications for subjects 
with nighttime hypertension, non-dipping profile, and/or pronounced morning 
surge. However, the concept of restoring a disturbed nighttime BP profile with so-
called “chronotherapy,” i.e., with administration of antihypertensive drugs in the 
evening rather than in the morning, needs to be better supported by evidence.
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28.3	 �Midterm BPV

28.3.1	 �Mechanisms

Behavioral factors such as job strain, levels of physical activity, sleep/wakeful-
ness cycles, quality and duration of sleep, postural changes, patterns of sodium 
intake are likely to play an important role in determining day-by-day BP fluctua-
tions (see Fig. 28.1). This has been clearly exemplified by some studies in which 
significant changes in BP levels between working days and the weekend have 
been reported [44]. Data from several population studies have found a number of 
factors, such as advanced age, female gender, increased arterial stiffness, elevated 
mean BP values, reduced body mass index, low heart rate, high heart rate vari-
ability, excessive alcohol intake, cigarette smoking, history of peripheral artery 
disease, cardiovascular disease, diabetes mellitus, diabetic nephropathy, and sed-
entary lifestyle, to be associated with increased values of day-by-day BPV derived 
from self-BP measurements performed at subjects’ home [8, 45–49]. Studies 
focusing on treated hypertensive patients have found a higher day-by-day BPV 
among these individuals compared to untreated subjects [46, 48], also reporting 
higher values of home BPV in case of treatment with b-blockers [8], short dura-
tion of treatment [50], and increasing number of antihypertensive drugs [49]. In 
such a context a limited adherence of patients to prescribed anti-hypertensive 
regimen is aslo likely to play a role.

28.3.2	 �Methods for Assessment

A thorough assessment of midterm BPV can be obtained by performing ABPM over 
48 h or repeatedly during a week or a month. However, this approach is limited by 
the fact that ABPM is neither available in all clinical settings, nor is always well 
accepted by patients at such a repetition rate. Although HBPM cannot provide 
extensive information on nighttime BP and 24 h BP profile as ABPM does, it pro-
vides enough BP measures for estimation of day-by-day BPV, devoid of the white-
coat effect. Besides, HBPM is widely available and well accepted by patients, being 
thus a feasible alternative for the evaluation of day-by-day BPV, in particular if BP 
measurements at home are performed according to current guidelines. Overall, 
HBPM schedule should consist of duplicate morning and evening BP measure-
ments with validated devices for a 7-day period (at least 3  days required) [51]. 
Because of the large heterogeneity among studies in terms of measurement sched-
ules (number of readings, number of days, morning and/or evening), BP measure-
ment devices and indices of BPV assessed, it has not yet been possible to standardize 
an evidence-based approach for assessment of home BPV in clinical practice. 
Table 28.2 resumes some important aspects regarding the assessment of midterm 
BPV in clinical practice.
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28.3.3	 �Indices for Estimation of Midterm BPV

BP variations in the midterm may be quantified by estimating some of the same 
indices employed for assessment of short-term BP variability such as SD, CV, VIM, 
and ARV described in Table  28.3. Also indices of Instability such as Range 
(Maximum-minimum BP); Peak size (Maximum BP); and Trough size (Mean-
minimum BP) can be estimated in order to assess midterm BPV.  These indices 
appear to have different strengths and limitations, and evidence regarding the best 
index for estimation of BPV in the midterm is still needed.

28.3.4	 �Clinical Significance

Although evidence has supported the association between midterm BPV and differ-
ent types of subclinical organ damage, there has not been a single index of BPV nor 
a marker of target organ damage presenting consistent and independent relation-
ships [33, 34, 52–58] (Fig. 28.1). Regarding CV events, the most solid evidence 
supporting the prognostic value of midterm BPV comes from the IDHOCO study 
[59]. An analysis of this database based on day-by-day morning home BP measure-
ments showed all indices of systolic/diastolic BPV (SD, CV, ARV, VIM) to be inde-
pendently associated with all-cause and cardiovascular mortality [59]. A 
meta-analysis by Stevens et al. showed similar hazard ratios for all-cause mortality 
for home day-by-day and for 24 h systolic BPV [HR: 1.12 (95% confidence inter-
vals: 1.05, 1.20); home: 1.15 (1.06, 1.26); 24 h ambulatory: 1.11 (1.04. 1.18)] [60] 
(see Fig. 28.2).

In addition, it appears that morning day-by-day home BPV has the strongest 
prognostic value as compared to morning–evening or evening home BPV [61, 62]. 
Regarding the question on whether midterm BPV may independently add to car-
diovascular risk stratification, the IDHOCO analysis revealed only a minor-
nonsignificant incremental improvement for home BPV in terms of net 
reclassification and integrated discrimination improvements [59]. The IDHOCO 
study also provided some evidence indicating that the risk of cardiovascular mor-
bidity and mortality was steeply increased in the highest decile of systolic/dia-
stolic home BPV (CV ≥11/12.8%, respectively) [59]. Regarding the response of 
midterm BPV to antihypertensive treatment, a study by Matsui et al. showed that 
the olmesartan/azelnidipine compared to olmesartan/hydrochlorothiazide combi-
nation improved home BPV in addition to home BP reduction, and that the reduc-
tion in home BPV was associated with the reduction in the arterial stiffness in the 
group randomized to azelnidipine [56]. In a study by Hoshide et al. the treatment-
induced reduction in urine albumin excretion after a 6-month period of antihyper-
tensive treatment with candesartan (+diuretics) was significantly associated with 
the reduction of average home BP but was not associated with the reduction in the 
SD of home systolic BP nor with the reduction in the value of maximum home 
systolic BP [63].
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Fig. 28.2  Hazard ratios for all-cause mortality for increases in clinic systolic blood pressure vari-
ability (upper panel); in home systolic blood pressure variability (middle panel) or in variability of 
ambulatory systolic blood pressure (lower panel). Modified from Stevens et al. [60] by permission
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28.4	 �Long-Term BPV

28.4.1	 �Mechanisms

Although biological and behavioral factors may contribute to visit-to-visit BPV, 
it may be also importantly affected by treatment-related factors such as inconsis-
tent BP control in subjects receiving treatment for arterial hypertension 
(Fig.  28.1). In particular, poor patient’s adherence to prescribed treatment, 
improper dosing/titration of antihypertensive drugs, dose omission, or delay in 
drug intake during the follow-up period, as well as improper BP measurement 
during assessment of BP control, may all induce important increases in BPV 
from visit to visit [64]. In the frame of large population studies, long-term BPV 
has been found to be associated with advanced age, female gender, insomnia and 
long sleep duration, history of myocardial infarction or stroke, higher mean sys-
tolic BP and pulse pressure [24, 65]. Besides, observational studies have shown 
long-term BPV to be importantly influenced by season-related climatic changes 
[66, 67], and in particular by changes in outdoor temperature [67, 68]. This has 
been supported by the finding that BP levels (either office, ambulatory, or home 
BP) are consistently lower during the summer and higher during the winter [69]. 
However, not only the changes in outdoor temperature but also an improper 
downward titration of antihypertensive drugs on the basis of office BP reductions 
during the summer (with the consequent reduction of the extension of 24 h BP 
coverage) [68] may lead to a paradoxical increase in nighttime BP levels in the 
warmer season.

28.4.2	 �Methods for Assessment

A series of studies in the past decade have indicated that visit-to-visit BPV is a 
highly reproducible phenomenon with demonstrated predictive value for cardiovas-
cular prognosis [24, 65]. Long-term BPV is most commonly assessed from visit-to-
visit by conventional BP measurements obtained in the medical office, which are 
characterized, however, by several intrinsic limitations such as the “white-coat 
effect” and may thus not accurately reflect patients’ actual BP profile and 
BPV.  Although ABPM performed on repeated visits might represent an ideal 
approach for the accurate assessment of visit-to-visit BPV in the long-term, this 
technique is not always available and patients may not easily accept its frequent use 
on a regular basis. An optimal, alternative approach to overcome the limitations of 
OBP and ABPM for assessment of long-term BPV might be implementation of 
HBPM over the days preceding each office visit. Although HBPM cannot provide 
the extensive information on BP levels over 24 h as ABPM does, it can provide 
information on BP levels in daily life conditions devoid of the subject’s alarm reac-
tion during the medical visit. In recognition of its advantages and prognostic supe-
riority over OBP, the use of HBPM has been recommended for the long-term 
follow-up of treated hypertensive patients, and might thus be also employed for 
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assessment of long-term BPV [18, 25, 65, 70–72]. Identifying a standard method to 
obtain reproducible and valid estimates of visit-to-visit BP variability, using either 
OBP or HBPM, has been difficult due to the inconsistency of the available evidence. 
However, a higher number of visits considered for the assessment of visit-to-visit 
BPV has been associated with a greater reproducibility [73] and a stronger prognos-
tic value [24]. Key aspects related to assessment of long-term BPV are presented in 
Table 28.2.

28.4.3	 �Indices for Estimation of Long-Term BPV

Several of the indices employed for estimation of short-term BPV may be employed 
for assessment of long-term BPV (i.e., SD, CV, ARV, VIM) (Table 28.3). Although 
metrics of long-term BPV are highly correlated to each other, it is not clear which 
metrics are better representative of true long-term BPV [74, 75]. Most studies have 
evaluated classical (i.e., SD and CV) but not novel indices of BPV such as ARV or 
VIM [76]. It is likely that ARV, CV, and SD may reflect different primary determi-
nants of BPV as they are only partly correlated [24]. In the future, clinical trials 
aimed at establishing the relationship of BPV with cardiovascular outcomes, should 
ideally evaluate all metrics of overall, ordered and extreme long-term BPV.

28.4.4	 �Clinical Significance

The prognostic relevance of visit-to-visit BPV was first emphasized by Rothwell 
et al. [24, 76]. Thereafter, several studies have been conducted supporting the asso-
ciation between long-term BPV with either subclinical organ damage or cardiovas-
cular events. The largest amount of evidence addressing the predictive value of 
long-term BPV for organ damage comes mainly from studies in diabetic patients 
in whom the incidence or the progression of renal dysfunction in relation to long-
term BPV has been documented [47, 77–81]. In one of these studies, visit-to-visit 
BPV, assessed by CV of systolic BP, was associated with a significantly increased 
hazard of developing albuminuria in patients with type 2 diabetes [77]. Visit-to-
visit BPV has also been associated with other indices of subclinical organ damage 
such as left ventricular dysfunction [79, 80], carotid atherosclerosis, and arterial 
stiffness [47, 80, 81]. Regarding the prognostic value of long-term BPV for cardio-
vascular events, the evidence is mainly derived from post hoc analyses of large 
randomized trials and meta-analyses [60, 82, 83]. In one of these reports, visit-to-
visit BPV independently predicted all-cause mortality (HR 1.12, 95%CI 1.05, 
1.20); cardiovascular mortality (HR 1.15, 95%CI 1.03, 1.30); cardiovascular events 
(HR 1.13, 95%CI 1.04, 1.23); coronary heart disease (HR 1.07, 95%CI 1.00, 1.14); 
and stroke (HR 1.19, 95%CI 1.11, 1.27) [60] (see Fig.  28.2). These significant 
associations have led to the question on whether long-term BPV might add to risk 
stratification over and above average BP levels and baseline cardiovascular risk. In 
a recent report of the ADVANCE-ON study in patients with type 2 diabetes, 
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addition of SD of systolic clinic BP to the prediction model significantly added to 
the 8-year risk prediction beyond the contribution of average systolic BP and other 
traditional risk factors [84]. In another study in patients with cardiovascular dis-
ease, addition of CV of systolic BP resulted in a modest but significant improve-
ment in the prediction model [85]. On the contrary, visit-to-visit BPV did not 
contribute to cardiovascular risk prediction in the ELSA study [86] which how-
ever  included middle-aged patients with treated, mild to moderate, systolic-dia-
stolic hypertension at relatively low cardiovascular risk [86]. Very recently an 
analysis of the VALUE (Valsartan Antihypertensive Long-term Use Evaluation) 
study reported an increased risk of cardiovascular events [HR: 2.1, 95% CI 1.7–
2.4; P < 0.0001] for patients in the highest quintile of visit-to-visit BPV and a 10% 
increase in the risk of death (HR 1.10, 95% CI 1.04–1.17; P = 0.002) for a 5 mmHg 
increase in SD of systolic BP [87].

Despite the large amount of evidence on the prognostic value of long-term BPV, 
there is no specific suggestion of thresholds for its clinical application, at present. 
The largest study addressing the clinical value of long-term BPV reported the risk 
of cardiovascular events among quartiles of SD of SBP with an incremental risk for 
SD quartiles 2 through 4 for all-cause mortality, coronary heart disease, stroke, and 
end-stage renal disease [88]. The SD of systolic BP which corresponded to the high-
est quartile was 15.6 mmHg [88].

The question on whether long-term BPV might be modulated by antihyperten-
sive treatment and whether this might be translated into improved CV prognosis 
has been addressed by post hoc analyses of randomized clinical trials. Overall, 
these reports have indicated a favorable effect of CCBs versus other drugs, espe-
cially beta-blockers, in reducing visit-to-visit BPV and the risk of stroke. In par-
ticular, the post hoc analysis of the Anglo-Scandinavian Cardiac Outcomes Trial 
Blood Pressure Lowering Arm (ASCOT-BPLA) showed that amlodipine-based 
compared to atenolol-based regimen was associated with a greater reduction in 
outcome, with a greater effect of CCBs versus other drugs, especially beta-block-
ers, in reducing visit-to-visit BPV [76]. In addition, a meta-analysis by Webb 
et  al. [89] showed that compared to other drugs, interindividual variability in 
systolic BP was reduced by CCBs and by non-loop diuretic drugs, and increased 
by renin-angiotensin system blockers and beta-blockers [89]. This finding is of 
interest, although reduction in interindividual BPV cannot be considered as an 
acceptable surrogate for a reduction in within-individual BPV. Compared to pla-
cebo, CCBs were the most effective drug class to reduce interindividual variabil-
ity in systolic BP [89]. In another recent meta-analysis of five studies, amlodipine 
was found to be more effective than other active comparators in reducing intra-
individual visit-to-visit BPV [90]. The benefits of treatment-induced changes in 
BPV were reported in the ASCOT-BLA study, in which the reduction in the risk 
of stroke was partly attributed to the reduction of BPV [76]. In the same line, in 
the meta-analysis by Webb et al. the reduction in the risk of stroke was attributed 
not only to the reduction of average systolic BP, but also to the reduction of inter-
individual systolic BPV [89].
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28.5	 �Blood Pressure Variability and Prehypertension

Many of the mechanisms associated with an increased BPV (i.e., Autonomic dys-
function, RAAS system dysregulation) have also been reported to be present with a 
higher frequency in subjects with prehypertension (high normal BP) than in sub-
jects with normotension. Compared to normotensives, subjects with prehyperten-
sion or high normal office BP are characterized by a higher number of abnormally 
elevated BP readings (i.e., a higher BP load) in ambulatory conditions, in spite of 
the finding of office BP values still within normal ranges. Besides, patients with a 
higher degree of BP elevation in response to the alarm reaction elicited by the medi-
cal visit (i.e., white-coat effect) and those with white-coat hypertension (high office 
BP levels, but normal out of office BP levels) have been shown to be at a higher risk 
of developing sustained hypertension as indicated by several population studies [91, 
92] leading to consider this condition as a prehypertensive state [93]. Clinical and 
experimental studies have also indicated that the magnitude of the BP response to 
static muscle contraction in prehypertensive subjects is exaggerated compared to 
normotensive subjects [94] and most (but not all) studies have shown an excessive 
BP rise during exercise to be predictive of development of hypertension indepen-
dently of BP at rest [95, 96]. Along this line of thinking, it is likely that increases in 
BP variability and the associated alterations in BP regulation might predict develop-
ment of future hypertension, in particular in prehypertensive subjects. Identification 
of subjects with normal office and/or average ABP values but with increased BPV, 
who could theoretically be at a higher risk of future sustained hypertension as com-
pared to subjects with sustained normotension, might allow implementation of early 
interventions aimed at improving subjects’ lifestyle and at detecting/preventing 
subclinical organ damage at an early stage [97, 98]. However, the evidence from 
studies directly aimed at evaluating the predictive value of an increased BPV for 
development of hypertension is limited if not absent. Besides, if considered that 
average BP levels and BPV are affected by significant collinearity (i.e., increasing 
average BP levels are associated with increasing BPV), determining whether an 
increased BPV precedes BP elevation or vice versa becomes a challenge based on 
the available studies. Finally, it has to be considered that in the recent 2017 American 
Heart Association/American College of Cardiology guidelines for hypertension 
management, the condition formerly defined as “prehypertension” is now defined as 
“stage 1 hypertension,” because of the evidence of an increased risk of events in 
such a BP range [99], which may imply the need for a re-assessment also of the 
possible role of BPV in this context.

Conclusions
Accumulating evidence supports the concept that an increased BPV may contrib-
ute to cardiovascular risk prediction over and above the impact of average BP 
levels. These findings suggest the possible usefulness of assessing BPV in clini-
cal practice and of considering an elevated BPV as a possible target for treatment 
to further improve prognosis. However, although several indices of BPV have 
been shown to be of prognostic value, no interventional longitudinal outcome 
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study has yet been conducted specifically addressing a number of important issues 
in this field, namely which the best BPV index to be considered in clinical prac-
tice could be, what BPV levels should be regarded as normal, or which BPV level 
should be achieved by antihypertensive treatment. Similarly, no intervention 
study has yet explored the key question of whether a reduction in BPV by treat-
ment translates into a better outcome. Regarding the type of BPV that should be 
considered in clinical practice (short term, midterm, or long term), the poor cor-
relation and agreement between indices of short-term (24 h) and long-term vari-
ability indicate that they may reflect different pathophysiological and clinical 
phenomena and may thus not be interchangeable, but rather represent comple-
mentary  variables to be separately quantified. Whether assessing BPV could 
improve the prediction of future hypertension, thus improving the management of 
subjects with high normal office BP elevation/prehypertension is still a question 
to be properly evaluated in future studies, too.

In conclusion, although an increased BPV, in the different time windows con-
sidered in this paper, represents a phenomenon characterizing daily clinical prac-
tice which should not be disregarded, it is not yet possible to provide clear 
recommendations regarding its interpretation either as an additional independent 
risk predictor nor as a possible new target for treatment. More research is therefore 
still needed in this field, and the importance to further explore these issues is clearly 
emphasized by the huge amount of data on the association between increase in size 
of different BPV indices and adverse outcome provided by available experimetnal 
studies in animals, observational studies in humans and meta-analyses of random-
ized clinical trials.   
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29.1	 �Introduction

In the last two decades, considerable evidence on home blood pressure (BP) moni-
toring has accumulated, and current guidelines recommend its wide application in 
clinical practice. Although conventional BP measurement in the office remains the 
basis for hypertension diagnosis and management, it is recognized that this method 
might often be misleading in both untreated and treated subjects, mainly due to the 
white-coat and masked hypertension phenomena [1–5]. Thus, for a reliable assess-
ment of BP status, the evaluation of out-of-office BP is necessary. These methods 
are ambulatory and home BP monitoring, which both provide multiple measure-
ments taken in the individual’s usual environment. However, they have also impor-
tant differences in their role in the clinical management of hypertension and are 
therefore regarded as complementary rather than interchangeable methods.

This chapter presents the considerable potential of home BP monitoring as a tool 
for the initial evaluation of BP levels, for treatment initiation and adjustment, as 
well as for long-term follow-up of treated individuals [1–5].

29.2	 �Advantages and Disadvantages

29.2.1	 �Advantages

There are important advantages of home BP monitoring compared to the conven-
tional office measurements and in some aspects also to ambulatory monitoring 
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(Table 29.1). As is the case with ambulatory BP monitoring, home monitoring pro-
vides more detailed information on BP behavior by obtaining multiple readings 
taken in the usual environment of each individual, away from the stressful office 
setting. Thus, home BP can detect the white-coat and masked hypertension phe-
nomena, which are major limitations of the conventional office BP [1, 3, 6]. Home 
and ambulatory BP monitoring are devoid of the placebo effect, which limits the 
reliability of office BP measurements to accurately quantify treatment-induced BP 
changes in clinical research and in practice [7]. Furthermore, using automated elec-
tronic BP devices and the oscillometric technique, the intra- and interobserver error 
(including the terminal digit preference, usually 5 or 0) and the observer prejudice 
and bias (the observer adjusts the recorded BP according to his/her expectations), 
which are known drawbacks of auscultatory office BP measurements, are all avoided 
[8]. In addition, home BP readings can be obtained over a period of several days, 
weeks, or even months in the long-term follow-up of treated hypertensives, whereas 
ambulatory BP monitoring is crowded into 24 h and is rather difficult to perform in 
repeated sessions.

Studies have shown that home BP have similar reproducibility to ambulatory BP 
and superior to that of office BP, a characteristic that increases the statistical power 
of clinical trials allowing the inclusion of a smaller sample size than when using 
office BP measurements [9]. Home BP appears to have similar diagnostic ability as 
ambulatory BP, with the observed diagnostic disagreement between the two meth-
ods mainly due to the imperfect reproducibility of the two methods [10].

Home BP monitoring is well accepted by most patients and preferred to ambula-
tory monitoring, as it entails less discomfort and minimal restrictions on daily 

Table 29.1  Advantages of home blood pressure

Advantages of home compared to office blood pressure
•  Multiple measurements in several days, weeks, or months and in usual environment
•  Detection of white-coat and masked hypertension phenomena
•  Superior reproducibility—improves power of clinical trials
• � Devoid of observer error and bias (automated devices with memory or PC link capacity or 

home blood pressure tele-monitoring)
•  Devoid of placebo effect
•  Superior prognostic value for preclinical organ damage and cardiovascular disease
•  More widely available
•  Improve patients’ compliance with antihypertensive drug therapy
•  Improve hypertension control rates
•  Potential for automated home blood pressure monitoring during nighttime sleep
•  Cost-effectiveness
Advantages of home compared to ambulatory blood pressure
•  More widely available
•  Good acceptance and preferred by users
•  Less discomfort and minimal restriction of daily activities and sleep
•  Less costly
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activities and particularly during sleep [11, 12]. Studies have shown that home BP 
monitoring can improve hypertension control rates by improving patients’ long-
term compliance with antihypertensive drug treatment [13, 14]. These features, 
together with the wider availability and the lower cost of the method compared to 
office and ambulatory BP monitoring, render it the most cost-effective method for 
long-term BP monitoring [15, 16].

29.2.2	 �Disadvantages

An important limitation of home BP monitoring is the potential for reporting bias 
with over- or underreporting of home BP readings which is the “Achilles’ heel” of 
the method and might lead in over- or undertreatment, especially in high-risk hyper-
tensives or those with high BP variability (Table 29.2) [17]. This can be prevented 
by using devices with automated memory or PC link capacity or with home BP 
telemonitoring [17]. Another important concern is that home BP monitoring might 
induce anxiety and obsessive behavior in some patients. Careful training and medi-
cal supervision are required in order to obtain reliable BP measurements and feel 
comfortable with the process of home monitoring and make sensible use of it. It 
should be mentioned that even if home BP monitoring is carefully performed 
according to the current recommendations, it only provides seated BP readings only 
at home, not at work or during other usual activities, under standardized conditions 
and thus not representing the dynamic behavior of BP during usual daily challenges 
[1–5]. Ambulatory BP monitoring is regarded as advantageous compared to home 
BP monitoring because it allows the evaluation of BP during nighttime sleep, which 
is important particularly in patients with diabetes, kidney disease, or sleep apnea. 
However, some novel low-cost home BP monitors allow reliable nocturnal BP eval-
uation and the detection of non-dippers, which is comparable to ambulatory BP 
monitoring [18, 19].

Table 29.2  Disadvantages of home blood pressure compared to office measurements and ambu-
latory monitoring

• � Reporting bias of home measurements (avoidable with automated devices having memory or 
PC link capacity or home blood pressure tele-monitoring)

•  Inability to monitor asleep blood pressure (possible with some novel home monitors)
•  Measurements do not reflect usual daily activities
•  Questionable accuracy of oscillometric devices in the presence of arrhythmias
•  Devices often not properly validated for blood pressure measurement accuracy
•  Potential to induce anxiety and excessive blood pressure monitoring
• � Some patients may self-modify their drug treatment on the basis of casual blood pressure 

readings
•  Need for training (minimal with automated devices) and medical supervision
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29.3	 �Clinical Indications

Ambulatory and home BP monitoring are regarded as indispensable tools adjunct 
to the classic office BP measurements for screening, diagnosis, and manage-
ment of hypertension. Although ambulatory BP monitoring remains the refer-
ence out-of-office BP monitoring method, in most cases the two methods might 
be considered interchangeable. Indeed, these methods should be regarded as 
complementary rather than competitive tools in the assessment of hyperten-
sive patients. When deciding which method to use, equipment availability and 
patients’ characteristics and preference should be taken into account. Home BP 
monitoring may be more suitable in the initial assessment of subjects with sus-
pected hypertension whereas home BP monitoring for the long-term follow-up 
of treated hypertensives.

The main clinical indications for home BP monitoring include (1) the suspicion 
of white-coat and (2) masked hypertension; (3) identification of white-coat reaction 
and masked hypertension effect in treated hypertensives; (4) considerable variabil-
ity of office BP over the same or different visits; (5) identification of true and false 
resistant hypertension; (6) autonomic, postural, postprandial, siesta- and drug-
induced hypotension; and (7) elevated office BP or suspected preeclampsia in preg-
nant women [2, 3]. Thus, the major value of home BP monitoring is its usefulness 
in detecting the white-coat and masked hypertension phenomena, which remain 
undiagnosed and inadequately treated when considering using exclusively office BP 
measurements [2, 3]. White-coat hypertension is defined by normal home BP moni-
toring (<135/85  mmHg, systolic/diastolic) and elevated office BP values 
(≥140/90 mmHg), thus not truly reflecting the “true” BP of an individual. These 
subjects should not be considered as normotensives, as they present higher out-of-
office BP than truly normotensives, frequently have dysmetabolic risk factors or 
asymptomatic organ damage, are more likely to develop progress to sustained 
hypertension within the next years, and, thus, carry intermediate cardiovascular risk 
between normotensives and hypertensives [20–22]. Factors that raise the possibility 
of white-coat hypertension are mildly elevated office BP, older age, female gender, 
and non-smoking habit [23]. In addition, high-normal office BP in low cardiovascu-
lar risk individuals without asymptomatic organ damage is a condition that white-
coat hypertension is most likely and should be ruled out. On the other hand, masked 
hypertensives have elevated home BP (≥135/85  mmHg) but normal office BP 
(<140/90 mmHg) and present higher prevalence of preclinical target organ damage 
and increased cardiovascular risk, which is close to that of the sustained hyperten-
sives [22, 24, 25]. High-normal office BP and normal office BP in individuals with 
high cardiovascular risk or asymptomatic organ damage are considered as condi-
tions that might be associated with the presence of masked hypertension. Other 
predictors of the phenomenon are the male gender, younger (and older) age, smok-
ing habit, increased body mass index, occasional elevation of office BP, or the pres-
ence of concomitant disease (diabetes mellitus type 2, end-stage renal disease, 
cardiac hypertrophy, peripheral arterial disease, obstructive sleep apnea) [26–28]. 
The masked hypertension phenomenon is also frequent in treated hypertensives 
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(masked uncontrolled hypertension). When the diagnosis of these phenomena is 
confirmed, treatment adjustment should be considered, particularly in subjects with 
high cardiovascular risk [2].

29.3.1	 �Home Blood Pressure Monitoring in Prehypertension

A considerable proportion of subjects in the general population assessed with dif-
ferent BP measurement methods (office, home, or ambulatory BP measurements) 
cluster close to the diagnostic BP thresholds of hypertension (differ less than 
5 mmHg) entailing diagnostic uncertainty and confusion. A study that investigated 
the level of agreement between ambulatory and home BP in the diagnosis of masked 
hypertension (Fig. 29.1) showed that, in subjects attending a hypertension clinic, 
when assessing participants with office BP measurements, there is a high proportion 
with high-normal office BP (possible masked hypertension) or stage 1 office hyper-
tension (possible white-coat hypertension) among both untreated and treated sub-
jects. All of them should undergo out-of-office BP evaluation in order to reveal the 
true BP phenotype. By combining office and out-of-office BP measurements, about 
2/3 of subjects with high-normal office BP will exhibit high-normal BP also in the 
home BP monitoring and confirm the diagnosis of prehypertension, yet the rest 1/3 
of them will be diagnosed with masked hypertension [29]. Similarly, all individuals 
with stage 1 office hypertension should be offered out-of-office BP monitoring in 
order to exclude the diagnosis of white-coat hypertension and avoid unnecessary 
treatment initiation or titration. It is important to note that even in these tricky cases 
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within the gray zones of uncertainty (BP close to the diagnostic threshold), home 
BP monitoring is regarded as having similar diagnostic value with ambulatory BP 
monitoring with the disagreement between them being rather uncommon and in 
most cases clinically irrelevant [29].

29.4	 �Clinical Value

29.4.1	 �Diagnostic Value

Several studies during the last decade have demonstrated the efficiency of home 
BP monitoring in the accurate diagnosis of hypertension. These studies investi-
gated the diagnostic performance of home BP monitoring by determining the sen-
sitivity, specificity, positive and negative diagnostic values, and diagnostic 
agreement by considering ambulatory BP monitoring as reference method [1]. 
Most of these studies have examined particular diagnostic phenotypes of hyper-
tension (sustained, white-coat, masked, or resistant) and included populations 
with different characteristics (untreated subjects, treated hypertensives, patients 
with type 2 diabetes, chronic kidney disease, children). The available data suggest 
considerable diagnostic agreement between the two methods ranging from about 
70 to 90%, with home BP monitoring being more efficient in identifying normo-
tensive individuals, yet less accurate in detecting truly hypertensives, as it was 
associated with high specificity and negative predictive value (>80%) but rela-
tively lower sensitivity and positive predictive value (60–70%) [30]. One of these 
studies examined the diagnostic accuracy of home BP monitoring separately in 
613 untreated and treated subjects and reported that the sensitivity for hyperten-
sion diagnosis varied between 48–100% in untreated subjects and 52–97% in 
treated subjects and specificity between 44–93% and 63–84%, respectively [31]. 
Another study in resistant hypertension also showed that home BP monitoring 
was a reliable alternative diagnostic method to ambulatory BP monitoring [32]. 
These conclusions are based on the assumption that ambulatory BP monitoring is 
perfectly reproducible and reliable, which certainly is not the case. Moreover, the 
diagnostic disagreement between the two methods in several cases was “arith-
metical” and clinically irrelevant (within 5 mmHg) and mostly present in subjects 
whose BP levels were close to the diagnostic thresholds and, therefore, is proba-
bly attributed, to a great extent, to the imperfect reproducibility of all BP measure-
ment methods [1, 29].

29.4.2	 �Prognostic Value

29.4.2.1	 �Association with Preclinical Target Organ Damage
Preclinical target organ damage is recognized as an intermediate stage in the 
sequence of cardiovascular disease development, and its presence in asymptomatic 
hypertensive subjects indicates increased risk of future cardiovascular events [2]. 
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Several cross-sectional studies have investigated the association of home BP moni-
toring with indices of preclinical target organ damage at the level of the heart, the 
large arteries, and the kidneys and showed superiority compared to the conventional 
office measurements and similar correlations as with ambulatory BP measurements. 
A meta-analysis compared the association of home vs. office and ambulatory BP 
monitoring with indices of organ damage, and the most extensively studied marker 
was echocardiographic left ventricular mass index [33]. Analysis of ten studies 
revealed stronger correlation coefficients for home vs. office BP (systolic/diastolic, 
pooled r = 0.46/0.28 vs. 0.23/0.19, respectively), whereas data from nine studies 
indicated similar coefficients for home and ambulatory BP monitoring [33]. There 
is weaker evidence for carotid intima-media thickness, pulse wave velocity, and 
urine protein excretion, with a consistent trend toward stronger coefficients for 
home than office BP, with the latter not reaching statistical significance [33]. 
Another meta-analysis showed that home BP is superior to office BP in determining 
proteinuria [34].

29.4.2.2	 �Prediction of Cardiovascular Outcome
Further to the abovementioned studies assessing surrogate endpoints, current guide-
lines for hypertension in adults are mainly based on large, long-term observational 
and interventional outcome studies with hard endpoints of cardiovascular morbidity 
and mortality [2, 35].

Two meta-analyses (Table  29.3) have investigated the evidence sourced from 
outcome trials in the general population, in primary care, and in hypertensive 
patients and assessed the prognostic ability of home compared to office BP mea-
surements [36, 37]. Both were based on data from 8 prospective studies and 17,688 
patients followed for 3.2–10.9 years, which resulted in the availability of informa-
tion based on almost 100,000 person/years of follow-up, and showed home to be 
superior to office BP measurements, with this difference being beyond chance for 
systolic BP [36, 37]. Moreover, in the meta-analysis by Ward et  al., home BP 
remained a significant predictor of cardiovascular mortality and cardiovascular 
events even after adjustment for office BP, suggesting its independent prognostic 
value over and beyond that of office BP [37]. However, one major limitation of the 
abovementioned meta-analyses was that these were based on aggregate data.

In 2014 the International Database of HOme BP in relation to Cardiovascular 
Outcome (IDHOCO) including individual participants’ data of five population 

Table 29.3  Meta-analyses of studies on prognostic value of home versus office blood pressure 
(random-effects estimates)

Systolic blood pressure Diastolic blood pressure
Home Office Home Office

Stergiou et al. [36] 1.15 (1.10–1.20) 1.07 (1.04–1.11) 1.12 (1.09–1.16) 1.08 (1.02–1.14)
Ward et al. [37] 1.14 (1.09–1.20) 1.10 (1.06–1.15) 1.13 (1.08–1.18) 1.07 (0.99–1.16)

Hazard ratios for cardiovascular events per 10 mmHg increase in systolic or 5 mmHg diastolic 
office and home blood pressure (adjusted hazard ratios with 95% confidence intervals in 
parentheses)

29  Home Blood Pressure Monitoring in Prehypertension and Hypertension



426

studies (n  =  5008, mean follow-up 8.3 years, 46,593 person-years) showed that 
home BP substantially refined risk stratification at office BP levels assumed to carry 
no or only mildly increased risk, in particular in the presence of masked hyperten-
sion [38]. More specifically, in participants with optimal or normal office BP, hazard 
ratios for a composite cardiovascular endpoint associated with a 10 mmHg higher 
systolic home BP were 1.28 and 1.22, respectively [38]. At high-normal office BP 
and in mild hypertension, the hazard ratios were at about 1.20 for all cardiovascular 
events and 1.30 for stroke [38]. In contrast, in severe hypertension, self-measured 
home BP did not improve the prediction of death or cardiovascular complications. 
A further analysis of the same dataset was performed separately in untreated and 
treated subjects [22]. Among untreated subjects, cardiovascular risk was higher in 
those with white-coat hypertension (adjusted hazard ratio 1.42), masked hyperten-
sion (1.55), and sustained hypertension (2.13) compared with normotensive sub-
jects [22]. Among treated patients, only masked uncontrolled hypertension but not 
white-coat hypertension assessed by home measurements was demonstrated as a 
cardiovascular risk factor, probably because the latter receives effective treatment 
on the basis of elevated office BP, whereas the former probably remains under-
treated because of low office BP.

Another important point is the prognostic information that is provided by home 
BP monitoring independently of that obtained from ambulatory BP monitoring. 
This was clearly demonstrated in two population outcome studies (PAMELA, 
Ohasama) where subjects with elevated ambulatory but low home BP or the reverse 
were at increased cardiovascular risk compared to normotensives (low home and 
ambulatory BP), rendering the two methods not fully interchangeable [39, 40].

29.4.3	 �Role in Treatment Adjustment

Home BP monitoring is very often used in clinical practice in decision-making for 
antihypertensive drug treatment initiation and titration. Because of its superior 
reproducibility, home BP can evaluate accurately the magnitude of the antihyper-
tensive drug action and can thereby identify treatment-induced changes in BP more 
reliably than the office measurements [9]. Moreover, morning home BP measured 
before drug intake reflects the trough BP lowering effect of antihypertensive drugs 
and evening home BP the plateau effect. Thus, the use of the morning/evening home 
BP ration provides similar information on the duration of antihypertensive drug 
effect though the 24 h period as the trough: peak ratio assessed by 24 h ambulatory 
BP monitoring [41].

Two studies investigated the association between treatment-induced changes in 
home, ambulatory, and office BP and treatment-induced changes in indices of pre-
clinical organ damage. In the Study on Ambulatory Monitoring of Blood Pressure 
and Lisinopril Evaluation (SAMPLE) in 206 hypertensives followed for 12 months, 
the treatment-induced regression in left ventricular hypertrophy was more closely 
associated with treatment-induced changes in ambulatory than in office or home 
BP [42]. However, only two home readings were obtained in this study, and, 
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therefore, in that study the potential of home BP monitoring has not been exhausted. 
Another study in 116 hypertensives, with 13.4-month follow-up, showed that 
treatment-induced changes in both 24 h ambulatory and 7-day home BP monitor-
ing were more closely related than office BP measurements with treatment-induced 
changes in organ damage (left ventricular mass index, pulse wave velocity, albu-
minuria) [43]. Interestingly, there were differences between home and ambulatory 
BP monitoring in their associations with the changes in different indices of organ 
damage, which implies that these methods are complementary rather than inter-
changeable in monitoring the effects of antihypertensive treatment on target organ 
damage [43].

Nine randomized studies assessed treatment adjustment based on home com-
pared to office BP (seven studies) [44–50] or ambulatory BP monitoring (two stud-
ies) [51, 52]. These studies differed in their inclusion criteria, population 
characteristics, BP measurement methodology, BP goals, and duration of follow-up. 
Three of the studies used the same threshold for office and home BP, which is not in 
line with current guidelines and led to inferior BP control with home BP monitoring 
[45, 46, 48]. Four other studies showed larger BP decline with treatment adjustment 
based on home rather than office BP measurements [44, 47, 49, 50]. Two studies 
compared home vs. ambulatory BP for treatment adjustment. The first in 98 subjects 
followed for 6 months found no difference in BP control when using home or ambu-
latory BP monitoring [51]. The second one randomized 116 subjects to treatment 
initiation based either on home BP alone or on combined use of office BP and 
ambulatory BP monitoring [52]. After an average follow-up of 13.4 months, there 
was no difference between the two arms in BP decline and hypertension control 
assessed by home or ambulatory BP monitoring, and, more importantly, there was 
no difference in treatment-induced changes in several indices of preclinical target 
organ damage [52].

29.4.4	 �Role in Long-Term Follow-Up and Benefits

The long-term use of home BP monitoring by patients treated for hypertension is 
recommended by current guidelines. Home BP measurements have the unique 
advantage compared to office and ambulatory BP monitoring to enable hypertensive 
individuals to check their BP levels not only through a period of days but during 
weeks, months, and even years and at minimal cost. Thus, this method increases 
their awareness motivating for active participation in their follow-up in cooperation 
with the health-care provider.

Several randomized controlled trials have shown that treated hypertensives who 
perform home BP measurements have improved long-term adherence to drug ther-
apy and thereby higher hypertension control rates [14, 53]. In addition, home BP 
monitoring prevents them from adhering to therapy only before an office visit, a 
phenomenon known as “white-coat adherence,” which is associated with increased 
cardiovascular risk [2, 3]. A systematic review of 72 randomized controlled trials 
that evaluated the effectiveness of several interventions aiming to improve BP 
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control (home BP monitoring, educational interventions, pharmacist- or nurse-led 
care, organizational interventions, appointment reminder systems) showed home 
BP monitoring to be the most efficient method [54]. The MONITOR study in treated 
uncontrolled hypertensives showed that a 2-month home BP monitoring protocol 
without medication titration led to superior ambulatory BP monitoring control than 
the usual care control group [55]. Another study in 1350 hypertensive patients 
attending a BP clinic showed that those using home BP measurements had higher 
BP control rates [56].

29.5	 �Nocturnal Home Blood Pressure

Nighttime ambulatory BP carries superior prognostic value in terms of cardiovas-
cular risk compared to daytime ambulatory, home, or office BP [57, 58]. Novel 
time-equipped home BP monitors allow automated BP monitoring during night-
time sleep and rendered nocturnal home BP monitoring a feasible method, alter-
native to ambulatory BP monitoring for the evaluation of nighttime BP and 
detection.

A recently published systematic review and meta-analysis identified a few 
studies providing comparative data between nighttime home and ambulatory BP 
monitoring regarding their differences as well as their association with indices of 
preclinical target organ damage [59]. Six studies, mainly including hyperten-
sives, reported similar and strongly correlated values for nighttime home and 
ambulatory BP [19, 60–64]. As shown in two studies, the two methods have close 
agreement (77.3%) in detecting non-dippers [19, 60]. Three studies reported data 
on the association of systolic nighttime home and ambulatory BP with left ven-
tricular mass index and two studies on their association with common carotid 
intima-media thickness with the pooled correlation coefficients being compara-
ble [59, 60, 63]. Two studies reported on the association of urinary albumin 
excretion with systolic nighttime home and nighttime ambulatory BP suggesting 
stronger relationship with the former [59, 60, 62]. In conclusion, preliminary 
data suggest that nighttime home BP seems to be at least as reliable as nighttime 
ambulatory BP monitoring in determining preclinical target organ damage. 
However, these data are cross-sectional, and outcome studies are needed to con-
firm the value of nighttime home BP in predicting cardiovascular morbidity and 
mortality.

29.6	 �Cost-Effectiveness

Home BP monitoring has the potential for significant cost savings through the pre-
vention of unnecessary treatment in subjects with white-coat phenomenon, the 
lesser need for office visits, and the optimal treatment of masked hypertensives that 
is expected to reduce the incidence of cardiovascular complications [4, 30]. On the 
other hand, there are several costs, such as that for purchasing home BP devices 
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which is usually covered by the patients themselves; the cost for the time required 
for patients’ training by the physicians or medical staff on the appropriate use of the 
method, which required for the necessary validation of devices; and also costs for 
the physician time for data interpretation and consultation to patients regarding 
changes in treatment [4, 30].

An old review showed that the estimated annualized resource cost of home BP 
monitoring was less than half of that of ambulatory BP monitoring [65]. A decision 
tree model based on data from the Ohasama home BP outcome study applied on a 
Japanese national database concluded that the introduction of home BP monitoring 
for the diagnosis and treatment of hypertension would be very effective to save costs 
[66, 67]. This was mainly attributed to avoidance of treatment of white-coat hyper-
tensives and improvement of prognosis due to better control of hypertension [66, 
67]. A recent study in 116 untreated hypertensive subjects who were randomized to 
use home or office/ambulatory BP monitoring for antihypertensive treatment initia-
tion and titration showed that the cost related to health resources utilized within 
12-month follow-up was lower in the home BP monitoring arm [16]. Interestingly, 
this difference in favor of home BP monitoring became more evident in a 5-year 
projection [16]. Another study performed a cost-benefit analysis from the perspec-
tive of the insurer by using a decision-analytic model that simulated the transitions 
among health states from initial physician visit to hypertension diagnosis, to treat-
ment, to hypertension-related cardiovascular diseases, and to patient death or resig-
nation from the plan [15]. This study concluded that reimbursement of home BP 
monitoring is cost beneficial from an insurer’s perspective for diagnosing and treat-
ing hypertension [15].

29.7	 �Clinical Application

29.7.1	 �Devices and Cuffs

Validated automated electronic upper-arm-cuff devices, especially those using an 
oscillometric algorithm, are currently recommended for home BP monitoring, as 
they are easy to use, relatively accurate, and devoid of the observer bias [3]. Aneroid 
or hybrid auscultatory devices might also be used but require skills, training, and 
more regular calibration, which often are not feasible in general practice. Wrist 
devices are regarded as less accurate than upper-arm devices, mainly because of 
anatomical differentiations of the wrist and of difficulty in following the correct 
wrist position (at heart level and relaxed) [3]. The accuracy of electronic BP moni-
tors should have been tested against conventional mercury sphygmomanometry 
according to established validation protocols [68–71]. The use of cuffs of appropri-
ate inflatable bladder size (length should cover 80–100% of the arm circumference, 
and the width should be about half of the length) is of major importance in order to 
avoid over- or underestimation of BP. The use of monitors with automated memory 
or PC link capacity is also recommended to prevent misreporting of self-BP read-
ings by patients (Table 29.4).
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29.7.2	 �Conditions and Procedure

The patient should be seated, with the back supported, without crossing legs, in a 
quiet room at a comfortable temperature, and at least 5 min of rest should precede 
the measurement [3]. Talking during the measurement and coffee or smoking for at 
least 30 min before the measurement should be discouraged [3]. The cuff should be 
placed at heart level with the center of the bladder over the brachial artery [3]. In 
individuals without a consistent between-arm difference as checked in the office on 
repeated measurements, home BP measurements should be performed sequentially 
on the same, usually the non-dominant, arm [3].

29.7.3	 �Monitoring Schedule

For the initial evaluation of BP levels (untreated subjects) and before each visit to 
the physician (for treated hypertensives), a standard monitoring schedule which 
includes duplicate measurements (with 1 min interval) in the morning (before drug 
intake if treated), and the evening, for 7 routine work days (not less than 3 days) is 
recommended [3]. In any case, 12 home BP readings obtained as described above 
seem to be the minimum acceptable sample [3]. For the long-term follow-up of 
treated hypertensives, home BP measurements once or twice per week might seem 
to be appropriate to ensure maintenance of adequate BP control.

29.7.4	 �Diagnostic Threshold and Interpretation

Home BP readings of the first monitoring day should be better discarded, as they are 
typically higher and more variable than of the next days [3]. Based on evidence 
derived from meta-analyses, cross-sectional, and also long-term observational stud-
ies, the current guidelines recommend a hypertension threshold for average home 

Table 29.4  Recommendations for optimal application of home blood pressure monitoring

Devices and 
cuffs

Automated electronic (oscillometric) upper-arm devices validated according to 
an established protocol and equipped with automated memory (or PC link 
capacity) Cuff (bladder) size according to individual arm circumference

Conditions Measurements in a quiet room after 5 min sitting rest with back supported and 
arm resting at heart level

Monitoring 
schedule

Monitoring for 7 days before each office visit with duplicate (1 min intervals) 
morning (before drug intake) and evening measurements. Not fewer than 3 
days (12 readings)

Evaluation Calculation of average blood pressure of all readings after discarding the first 
day

Diagnostic 
thresholds

Normal home blood pressure, <130/80 mmHg; hypertension, ≥135/85 mmHg, 
intermediate levels are considered borderline

Long-term 
follow-up

1–2 duplicate measurements per week
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BP at 135/85 mmHg (the same as for awake ambulatory BP) [3, 4]. Levels exceed-
ing this threshold are considered elevated. Home BP levels ranging between 130–
135 mmHg for systolic and 80–85 mmHg for diastolic BP are regarded as borderline 
(prehypertension range) and those <130/80 mmHg as normal [3].

29.8	 �Summary

Increasing evidence suggests that self-home BP monitoring has primary role for 
most patients with hypertension in both the diagnosis and the long-term manage-
ment. Recent European guidelines recommend home BP monitoring for out-of-
office BP evaluation in clinical practice to have similar clinical indications as 
ambulatory BP monitoring and the choice between them in each case to be depended 
on their availability and on patients’ special characteristics and preference. 
Particularly in untreated or treated individuals with office BP levels close to the 
diagnostic thresholds (prehypertension, office hypertension stage 1), home BP 
monitoring is mandatory for the optimal decision-making, as it allows the identifi-
cation of intermediate phenotypes of hypertension (white-coat and masked 
hypertension).
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30.1	 �Introduction

Cardiovascular (CV) disease is an important cause of morbidity and mortality 
worldwide. It has been long accepted that hypertension is a key risk factor for CV 
disease [1]. The management of hypertension and associated adverse CV outcomes 
has always been at the forefront of prevention-based strategy [2]. Absolute blood 
pressure (BP) values are considered as an important determinant of adverse CV 
outcomes; however, these outcomes may depend on increased BP variability [3].

Morning blood pressure surge (MBPS) is a part of diurnal BP variability [4]. 
Recent studies have reported that an exaggerated MBPS is a CV risk in both the 
normotensive and hypertensive subjects. MBPS is linked with target organ damage 
and subsequently increased CV risk in patients with hypertension [5–7]. With every 
10  mm Hg increase in the early-morning systolic BP surge, the risk of stroke 
increases by 22% [8]. Incidence of ischemic stroke is four times higher in the morn-
ing period. Similarly, the risk of sudden cardiac death is 70% higher between 7 and 
9 AM compared to other times of the day. There is 2.5-fold greater risk of sudden 
cardiac death at 11 AM in an hour-by-hour analysis [9].

The clinical relevance and prognostic implications of MBPS can vary substan-
tially based on the method and time interval of assessment. There are many defini-
tions and different pathophysiological mechanisms proposed for MBPS [3]. An 
improved understanding of this phenomenon is required. In this chapter, we assessed 
the recently available data on MBPS with special emphasis on its definition, etiol-
ogy, clinical outcomes, diagnostic evaluation, and treatment strategy.
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30.2	 �Definition of Morning BP Surge

Presently there is a discrepancy on the definition of MBPS [10]. There are several 
definitions of MBPS (Table 30.1) [8, 11]. Two main definitions of the morning surge 
in BP are illustrated in the literature. One is “sleep-through morning surge,” and the 
second is “pre-waking morning surge” [4, 12]. Kario K et al. first defined sleep-
through and pre-waking morning surge and evaluated the association between 
excess MBPS and the risk of cerebrovascular diseases [13]. Stergiou GS et  al. 
assessed the reliability of different definitions of MBPS; they anticipated the differ-
ence between BP readings 2 h after rising and the average of all readings during 
sleep as the most reliable approach for assessing the MBPS [14].

30.3	 �Mechanisms of Morning BP Surge

An increase in BP after waking is a physiological phenomenon; however, a marked 
and rapid MBPS is associated with increased CV risk [12]. The pathophysiology of 
the morning surge in BP is unspecified. Insight in underlying mechanisms of morn-
ing surge, particularly in patients with hypertension, will be helpful in detecting 
new therapeutic strategies [10].

Elevated MBPS is believed to be associated with small and large arterial diseases 
[15]. There is a curvilinear association between contraction of the resistance arteries 
and vascular resistance, which explicates the acceleration of hypertension (Fig. 30.1) 
[16, 17]. The difference in vascular resistance between small arteries with and with-
out remodeling is augmented in the morning when the vascular tone is increased as 
compared to sleep [18].

Table 30.1  MBPS definitions

Morning BP 
surge description Definition
Sleep-through 
surge

Difference between morning BP (average of 2 h of readings after wake-up) 
and the lowest night-time reading (average of the lowest night-time reading 
and the two adjacent readings before and after)

Pre-waking surge Difference between morning BP (average of 2 h of readings after wake-up) 
and the pre-awake BP (average of 2 h of readings before wake-up)

Rising surge Difference between BP on rising (single reading after wake-up) and BP 
before wake-up (single reading before wake-up)

Morning 
night-time 
difference

Difference between two morning BP readings (after 7 am) and the average 
night-time BP

Morning BP Average morning BP for 2 h after wake-up
Morning-evening 
difference

Difference between morning BP (average of self-monitored BP readings 
taken in the morning) and evening BP (average of self-monitored BP 
readings taken in the evening)

Note: Data adapted from a previous study [11]. MBPS morning blood pressure surge, BP blood 
pressure
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There is activation of the sympathetic nervous system and the renin-angiotensin 
system early in the morning [4]. The augmented activity of sympathetic nervous 
system and the renin-angiotensin system  (RAS) may be possible mechanisms to 
increase in vascular resistance and the morning BP surge [12]. Predominantly, an 
activity of α-adrenergic component is increased [17], which increases the vascular 
tone of the small resistance arteries and may contribute to MBPS.  Additionally, 
plasma renin activity, angiotensin II, and aldosterone levels are increased before 
awakening [19]. There are several factors which possibly influences the morning 
surge in BP (Table 30.2) [20, 21].

Alpha-adrenergic vasoconstrictor response of small resistance vessels and pro-
gressive remodeling of the small vessels are predominant determinants of the rise in 
BP on awakening. Various risk factors for morning hypertension consist of older 
age, excessive alcohol intake, tobacco consumption, longer sleep, and later awaken-
ing times. Amplified arousal response of BP is the possible reason for the rise in BP 
immediately after wake up and is commonly noted in elderly with hypertension, 

Small artery with remodeling
and endothelial dysfunction

Vascular
resistance

Sleep

Morning

Normal small artery

Media

Lumen

% Contraction

Ratio of
media thickness to
lumen diameter

M/L ratio

Functional
contraction

Fig. 30.1  Mechanism of elevated morning blood pressure surge in patients with small artery 
disease. Note: Data reproduced from a previous study [16]

Table 30.2  Factors influencing the morning surge in BP

Increase in sympathetic activity Increase in aortic stiffness
Increase in renin-angiotensin system activity Microvascular dysfunction
Decrease in baroreflex sensitivity Heavy drinking
Endothelial dysfunction Smoking
Circadian rhythm Sleep apnea
Increase in platelet aggregation Insufficient efficacy of antihypertensive drugs
Oxidative stress Sodium/caffeine ingestion
Plasma cortisol Age (>70 years), Monday/winter

Note: Data adapted from previous study [20, 21]. BP blood pressure
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whereas the morning surge beginning gradually during sleep is more common in 
younger individuals with hypertension [10].

The link between MBPS, short-term BP variability, and arterial stiffness in 
untreated patients with hypertension has been evaluated by Pucci G et al. Sleep-
through MBPS was found to be directly related to aortic stiffness, mediated by an 
increased average real variability of 24 h SBP. Adverse effects of MBPS may be 
partly explained by its association with arterial stiffness, mediated by short-term 
SBP variability [22].

Patients with hypertension are more prone for morning surge in BP as compared 
to normotensives. Head GA et al. investigated 24 h recordings by a new logistic 
curve method, which exposed distinct asymmetric circadian patterns of cardiovas-
cular changes in normotensive and hypertensive subjects. The method detected a 
30–40% greater rate of increase in BP in the hypertensive subjects [23].

30.4	 �Morning BP Surge and CV Outcomes

Morning is considered as the peak time for a range of adverse CV events. There is 
mounting evidence suggesting significant associations between MBPS and cardiac, 
cerebral, renal, and vascular damage (Fig.  30.2) [18]. Jaewon Oh et  al. recently 
evaluated an association of morning hypertension subtype (with nocturnal hyper-
tension) by means of vascular target organ damage and central hemodynamics in 
patients with high CV risk. Increased arterial stiffness and high central BP were 
prominently detected [5]. Association of MBPS with adverse CV outcomes may be 
due to the hemodynamic effects of the high BP on the arterial wall and the associ-
ated neurohumoral activation [10]. MBPS is associated with left ventricular 

Cardiac hypertrophy
Diastolic dysfunction
Myocardial ischemia
Increased QTc dispersion and duration
Coronary artery disease

Silent cerebral infarction
Stroke (Ischemic and hemorrhagic)

Morning BP Surge

Albuminuria
Renal vascular resistance

Increased platelet aggregation
Microvascular dysfunction
Increased carotid intima-media thickness
Vascular stiffness
Vascular inflammation

Fig. 30.2  Associations between morning blood pressure surge and cardiovascular diseases. Note: 
Data adapted from a previous study [18]. BP blood pressure
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hypertrophy, carotid atherosclerosis, arterial stiffness, albuminuria, and silent cere-
brovascular disease [17].

The clinical implication of MBPS as a risk for triggering CV events is increased in 
patients with the advanced vascular disease. Kario K et al. recently proposed the con-
cept of a vicious cycle between hemodynamic stress and vascular disease that dam-
ages organs and plays a role in CV events such as systemic hemodynamic 
atherothrombotic syndrome (SHATS) [24]. In the following section, some of the CV 
outcomes of exaggerated MBPS in hypertension and prehypertension are elucidated.

Vascular disease and inflammation: MBPS is linked with carotid atherosclerosis 
in untreated patients with hypertension [25–27]. Plaque instability can be induced 
due to its association with increased vascular inflammation. Newly diagnosed and 
never-treated patients with higher sleep-through MBPS have higher carotid intima-
media thickness as reported in a study involving compromising untreated middle-
aged 241 patients with hypertension [28]. Alpaydin S et al. evaluated the association 
between the rate of BP variation and carotid intima-media thickness in patients with 
prehypertension and demonstrated an independent association of elevated MBPS 
with carotid intima-media thickness in such patients [29].

Hypertensive heart disease: Published evidence reported that an elevated MBPS 
is associated with hypertensive heart disease. MBPS augments cardiac afterload and 
arterial stiffness, contributing to left ventricular hypertrophy [18].

Stroke: Kario K et al. first reported that patients in the high sleep-through morn-
ing surge group have a high stroke incidence [8]. Silent cerebral infarction (SCI) is 
the strongest surrogate marker of clinical stroke, particularly in those with increased 
C-reactive protein levels [30]. Increased risk of SCI was observed in the morning 
surge group in elderly hypertensives [8]. The association between elevated MBPS 
and SCI is slightly influenced by low-grade inflammation [31]. Morning hyperten-
sion is an important risk for stroke in the Asian population [32].

Chronic kidney disease: Positive association between MBPS and renal disease 
has been reported [33, 34]. Elevated MBPS is associated with deterioration of kid-
ney function and development of chronic kidney disease (CKD). Turak O et  al. 
investigated the association between elevated MBPS and the development of inci-
dent CKD in 622 patients with essential hypertension. Patients underwent ambula-
tory BP measurements and were followed for a median of 3.33 years. During 
follow-up, 32 patients developed CKD. Higher MBPS was associated with incident 
CKD in all models [35].

CV mortality: Morning BP surge was associated with mortality in a study of 632 
hypertensive patients by Amodeo C et al. Patients with MBPS of 41 mm Hg were 
associated with a higher risk for mortality [36].

All-cause mortality: Xie JC et al. evaluated the predictive value of MBPS for 
future CV events, stroke, and all-cause mortality. Excess sleep-through surge found 
to be a strong predictor of mortality. Individuals for future all-cause with higher pre-
waking surge showed a tendency for increased risk of CV outcomes, but the differ-
ences were insignificant [13].

Morning BP surge, an indicator of prehypertension: An exaggerated morning 
rise in BP may be one of the indicators of a prehypertensive status with advanced 
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small artery remodeling. Various pathophysiological factors affect arterial wall 
structure and endothelial function which may lead to prehypertension followed by 
hypertension and cardiovascular disease. Reported evidence suggests the significant 
association between a morning BP surge and small artery remodeling which would 
begin even in case of normotension [37].

Stress hypertension, orthostatic hypertension, ambulatory BP surge, sleep apnea-
related midnight surge, etc. are few of the surges other than morning BP surge 
reported to be a risk for developing cardiovascular disease. These BP surges may 
partly be related to each other on the basis of sympathetic hyperactivity and can be 
considered as indicative of a prehypertensive status [37].

30.5	 �Diagnostic Evaluation of MBPS

Evidence from ambulatory BP monitoring (ABPM) or home BP monitoring 
(HBPM) studies has pointed out that MBPS is more closely associated with the CV 
risk [38].

Home BP monitoring was the best predictor of stroke event in a nationwide 
Japan Morning Surge-Home BP (JHOP) Study [39]. The Ohasama Study and 
FinHome Study in Finland reported that day-by-day variability of blood pressures 
based on home blood pressure has a prognostic significance for CVD [40]. 
Intermittent BP measurement at fixed intervals would undervalue the CV risk of 
MBPS. Ideally, beat-by-beat continuous BP monitoring is the best means of assess-
ing BP variability. Kario K developed a new hypoxia-triggered home nocturnal BP 
monitoring system, in which severe desaturation continuously monitored by pulse 
oximetry sends the signal of BP measurement to the device [41].

Common approach to evaluate the morning increase in blood pressure has been 
to synchronize records relative to the time of waking [42]. The morning BP-guided 
approach using HBPM is the first step toward perfect 24 h BP control [12]. Head 
GA and Lukoshkova EV described a novel method for determining the individual 
changes using a double logistic equation fitted to the individual pattern of blood 
pressure change [9].

30.6	 �Antihypertensive Strategy Targeting MBPS

Morning BP could be an important target of antihypertensive treatment [43]. Control 
of morning hypertension can be regarded as the first step to strict 24 h BP control 
[44]. Suppression of elevated MBPS, strict BP control of ˂130/80 mm Hg for 24 h, 
and adequate circadian rhythm (dipper type; 10–20% of nocturnal BP fall) are key 
components of perfect 24 h BP control [45]. Asians show greater MBPS [39]; it is 
particularly important to control morning BP as the first step toward achieving per-
fect 24 h BP control [38].

Till recently, there has been a difference of opinion on specific treatments for 
early-morning hypertension [46]. More definite treatment for MBPS may be 
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achieved using antihypertensive drugs that reduce the pressor effect of the neuro-
humoral factors, which is potentiated in the morning, such as inhibitors of sympa-
thetic activity [47]. Conceptually, specific treatments could include inhibition of 
the sympathetic nervous system and the RAS [46]. A chronotherapeutic approach, 
such as bedtime dosing and a drug delivery system that incorporates extended-
release or delayed-onset antihypertensive agents, is useful for reducing MBPS 
[20, 46].

Selection of antihypertensive drugs including a specific class (e.g., sympatholyt-
ics or RAS inhibitors) and timing of doses are important factors. Bedtime dosing of 
the antihypertensive drug, especially calcium channel blocker, alpha blocker, and 
RAS inhibitors, may suppress exaggerated MBPS without excessive nocturnal 
hypotension during sleep. Persistent reduction in sleep BP results in the reduction 
in nocturnal hypertension type of MBPS [47].

The MAPEC (Ambulatory BP Monitoring for Prediction of Cardiovascular 
Events) study showed that bedtime chronotherapy with ≥1 antihypertensives 
exerted better BP control and CVD risk reduction than conventional therapy. In this 
study, participants taking bedtime administration of at least one medication had 
significantly lower incidence of CV events (Fig. 30.3) [48]. Participating physicians 
were given the choice of prescribing, at least one medication of the recommended 
therapeutic classes, (angiotensin receptor blockers, angiotensin-converting enzyme 
inhibitors, calcium channel blockers, β-blockers) during the study [48].

Alpha-adrenergic blockade at bedtime may be an effective means to reduce the 
morning BP rise in patients with uncontrolled morning hypertension [49]. RAS-
blocking agents that maintain pharmacodynamic effects into the early-morning 
period may be of help in individuals with the exaggerated rise in morning BP [50]. 
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Jadhav UM et al. evaluated the comparative efficacy of angiotensin receptor block-
ers on MBPS in hypertension. Olmesartan and telmisartan showed the beneficial 
and similar effect on the MBPS measured by different parameters on the 24  h 
ABPM (Fig. 30.4) [51].

Lifestyle modifications, such as better night-time sleep and moderation in alco-
hol intake, are the important part of the essential approach to suppress MBPS along 
with long-acting antihypertensive drugs, such as long-acting calcium channel block-
ers or inhibitors of the RAS [20]. Renal denervation is also an effective therapy for 
reducing morning surge of BP [47].

Morning BP guided approach by using home BP monitoring is the most promis-
ing step for effective antihypertensive treatment [12]. Kario K has suggested a strat-
egy for the morning BP  guided management of hypertension using home BP 
monitoring with three steps; first achieve the level of morning systolic BP as 
<145 mm Hg, then the morning systolic BP level of 135 mm Hg should be attained, 
and finally about 125 mm Hg or less should be achieved and maintained [45].

Therapeutic approaches to be considered: Reported evidence shown that long-
acting antihypertensive medications have advantages in controlling BP over 24 h in 
contrast to short-acting or intermediate-acting drugs. Hypertension guidelines have 
suggested the use of full dose or maximum dose of antihypertensive drugs, regard-
less of combination or monotherapy. Combination therapy of an angiotensin recep-
tor blocker or angiotensin-converting enzyme inhibitor and a calcium channel 
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blocker or diuretic may improve 24 h BP control, especially during the trough effect 
morning hours. Therapeutic use of antihypertensive drugs of specific mechanisms 
can be one of the preferable targeted approaches (Table 30.3) [60].

CV benefits from the suppression of an exaggerated MBPS are still to be well 
established. Interventional studies to examine whether or not a reduction in MBPS, 
with pharmacologic or nonpharmacologic therapy, can lead to an improvement of 

Table 30.3  Summary of some important studies on therapeutic approaches for the treatment of 
elevated MBPS in hypertension

Study, design, 
sample size Study medication (mg/day) Study conclusion
Long-acting vs. short-acting antihypertensives
Ferrucci et al. 
[52], 
crossover, 40

Amlodipine vs. nifedipine Amlodipine had greater antihypertensive 
efficacy vs. nifedipine

White et al. 
[53], parallel 
group, 490

Telmisartan vs. valsartan Telmisartan achieved greater 
antihypertensive effect vs. valsartan during 
the early-morning period

Full dose vs. low dose of antihypertensive drugs
Bilo et al. [54], 
parallel group, 
626

Amlodipine 5 vs. olmesartan/
amlodipine 10/5 vs. 20/5 vs. 40/5

Olmesartan/amlodipine combination has 
better 24 h dose-related improvement in 
BP lowering vs. amlodipine alone

Kai et al. [55], 
parallel group, 
110

Losartan 50/HCTZ 12.5 vs. 
losartan 50. Control rate of both 
morning and evening 
hypertension (<135/85 mm Hg): 
54.5 vs. 29.1%

Losartan/HCTZ combination was superior 
to high-dose losartan in treating both types 
of morning hypertension

Combination vs. monotherapy of antihypertensive drugs
Shimada et al. 
[56], parallel 
group, 862

Olmesartan/azelnidipine vs. 
olmesartan vs. azelnidipine

Combination therapy was associated with 
significant reduction in MBPS vs. 
monotherapy of either agents

Miyauchi et al.
[57], parallel 
group, 263

Amlodipine/ARB vs. high-dose 
ARB

Amlodipine combination regimen 
provides better antihypertensive effect vs. 
ARB alone.

Bilo et al. [54], 
parallel group, 
626

Olmesartan/amlodipine vs. 
amlodipine

Combination therapy was effective in 
lowering 24 h BP vs. amlodipine 
monotherapy.

Timed dosing of long-acting antihypertensive drugs
Qiu et al. [58], 
crossover, 62

Morning vs. evening dosing of 
amlodipine 5 and 10 mg

Morning administered amlodipine had a 
better effect on the circadian BP compared 
with evening administered amlodipine in 
mild-to-moderate essential hypertension

Drugs of specific mechanisms
Kario K et al. 
[59], parallel 
group, 611

Doxazosin Adding a bedtime dose of an alpha-
adrenergic blocker in patients with 
uncontrolled morning hypertension 
significantly reduced BP and urinary 
albumin excretion rate

Data adapted from a previous study [60]. MBPS morning blood pressure surge, BP blood pressure, 
vs. versus, ARB angiotensin receptor blocker
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CV morbidity and mortality in hypertensive patients independently of 24  h BP 
reduction are required. In addition, whether titrating of the home BP level in the 
morning as a means of preventing CV events is superior versus clinic BP has not 
been established. Some of the key known and new aspects regarding MBPS are 
represented in following table (Table 30.4).

Conclusions
BP variability in the form of MBPS is an independent risk factor for CV events. 
There are various pathophysiological mechanisms suggested for MBPS includ-
ing vascular damage of small and large arteries. Home BP monitoring can be a 
useful tool for assessment of MBPS. MBPS needs to be controlled for preventing 
CV events. Long-acting antihypertensives, inhibitors of sympathetic activity, or 
the RAS system administered at bedtime will be a useful strategy in control of 
elevated MBPS and more effective prevention of CV events.

Table 30.4  What is known and new about MBPS

What is already known about MBPS
•  MBPS is a part of diurnal BP variability [4]
• � Excessive MPBS is a predictor of subsequent stroke events in elderly hypertensive patients 

[45]
• � utomatic measurements of BP by ambulatory monitoring are required to closely examine the 

sleep/awake differences [61]
• � Long-acting drugs are part of the non-specific therapy for controlling morning hypertension 

[45]
What is new about MBPS
•  Morning BP may be an independent predictor of CV events [60]
• � Importance of HBPM for the cardiovascular prognosis of hypertensive individuals is recently 

revealed [61]
•  Morning HBPM can be the best predictor of stroke event [39]
•  Asians shows greater MBPS [39]
• � Evidence proposed three-step strategy for the morning BP-guided management of 

hypertension using HBPM [7]
• � Once-daily dosing antihypertensive agents are now widely used as conventional 

antihypertensive medication [62]
•  Renal denervation is effective for reducing morning BP [50]
• � Specific treatment includes the time of dosing of antihypertensive drugs and selecting the 

specific class of antihypertensive drugs, such as inhibitors of sympathetic activity or 
renin-angiotensin system [46]

• � Current hypertension guidelines had some forms of recommendations on the measurement of 
morning BP [63]

• � Masked morning hypertension, as the other forms of masked hypertension, is the emerging 
concept as the Japanese guidelines defined it [64]

• � To improve the management of hypertension in general, and morning hypertension in 
particular, long-acting antihypertensive drugs should be used in appropriate often full dosages 
and in proper combinations [60]

MBPS morning blood pressure surge, BP blood pressure, CV cardiovascular, HBPM home blood 
pressure monitoring
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The world is in a permanent process of increasing automation and reduction of 
physical activity during daily work. Machines and robots take over man’s work and 
thereby reduce daily energy expenditure and increase sitting time. Prolonged sitting 
without interruption, predominantly in front of a PC screen, is an independent risk 
factor for cardiovascular events, increasing prevalence of chronic diseases and all-
cause mortality [1]. Nowadays, sitting time by far exceeds time spent with physical 
activity in the western countries [2]. Compensation of the reduced work-associated 
physical activity through an increase in leisure-time physical activity and exercise 
training provides various health benefits and is recommended for industrialized 
societies. This was inconceivable almost 100 years ago when it was still a privilege 
not having to be involved in strenuous physical work.

The prevalence of physical inactivity has reached almost one-third in the west-
ernized countries and life expectancy of the world’s population would increase by 
0.68 years if physical inactivity were eliminated [3]. It is now among the top ten risk 
factors causing disability-adjusted life years as the sum of life years lost plus years 
suffering from disability [4]. Although the relative risk attributable to physical inac-
tivity is lower than that for smoking, the higher prevalence of physical inactivity in 
the population results in similar population-attributable fractions of both risk factors 
creating the slogan: physical inactivity is the new smoking [3].
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31.1	 �Diversity of Physical Activity and Exercise

To understand the effect of physical activity and exercise on vascular health it is 
necessary to, first of all, give a definition. According to Caspersen et al., physical 
activity is defined as “any bodily movement produced by skeletal muscles which 
results in energy expenditure” [5]. Types of physical activity can be occupational, 
sports, conditioning, household, or other activities. Physical activity with the excep-
tion of exercise grossly classifies a behavior [5]. It is preferably implemented into 
daily life. A potentially significant component of weekly physical activity could be 
the active commute to work by foot or by bicycle [6–8]. At the work place, even 
small interruptions of permanent sitting and standing have shown to be beneficial 
for the glucose metabolism [9]. The recommended amount of physical activity per 
week is ≥150 min of moderate physical activity or 75 min of vigorous physical 
activity or any combination of the two with at least 10 min of uninterrupted activity 
per activity bout [10–12].

“Exercise is a subset of physical activity that is planned, structured, and repeti-
tive and has as a final or an intermediate objective the improvement or maintenance 
of physical fitness” [5]. The types of exercise are mainly divided into endurance and 
strength exercises. Typical endurance exercises for health are running, walking, 
bicycling, or swimming. Strength exercises to preserve or increase skeletal muscu-
lature are done with the own body weight or with additional loads exerted by free 
weights or in a weight circuit. Several exercise disciplines are a mixture of both 
components. Popular lifelong activities/sports for health prevention are tennis, golf, 
football, or basketball [10]. Exercise training yields benefits for cardiovascular 
health that are additional to those of habitual physical activity. Leisure-time physi-
cal activity—and not occupational activity—contributes mainly to the conditioning 
of the cardiocirculatory system [13].

Physical fitness is associated with physical activity. It is defined as “a set of attri-
butes that people have or achieve that relates to the ability to perform physical activ-
ity” [5]. Vigorous physical activity contributes to an increase in physical fitness of 
4–5 mL/kg/min in maximal oxygen uptake in previously inactive individuals [14]. 
This confers to an enormous mortality risk reduction of 25–30% [15].

31.2	 �Effect of Physical Activity on the Population Level

Increasing physical activity and exercise is thus a most important aim of public 
health initiatives to win the fight against the chronic disease epidemic [3], which is 
especially true for cardiometabolic diseases [16, 17]. Both prospective and retro-
spective, large cohort studies have frequently shown a reduction of cardiovascular 
events and mortality in more active people [18]. A dose-dependent effect, increasing 
with higher volume and higher intensity of physical activity and exercise, has shown 
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a reduction of cardiovascular and all-cause mortality of up to 45% compared to 
physical inactivity [3, 19]. In this context, only one-fourth of the time is required 
when exercising with vigorous intensity (jogging) compared to moderate intensity 
(walking) to gain a similar effect in cardiovascular event reduction [20]. Running 
for 20–40 min only one to two times per week was associated with an approxi-
mately 40–50% risk reduction for future cardiovascular events and all-cause mortal-
ity [21]. Even weekend warriors, accumulating all exercise at the weekend or by a 
leisure-time physical activity pattern characterized by one or two sessions per week 
may reduce all-cause and cardiovascular mortality by almost 40% [22]. Thus, inter-
ruption of exercise for more than 3 days still provides a health benefit which has not 
been sufficiently acknowledged in current exercise prescriptions for health. 
Although studies comparing the effect of exercise training and drug treatment on 
cardiovascular and all-cause mortality as endpoints are rare, physical activity has 
been shown to be superior or at least equal to a treatment with antihypertensive or 
lipid-lowering drugs in a meta-analytic approach (339,274 subjects in 305 random-
ized controlled trials (RCT)). This meta-analysis showed an odds ratio for drugs 
versus exercise of 1.34 and 8.66  in favor of exercise for prediabetes and stroke 
mortality, respectively, and an almost equal odds ratio for coronary heart disease 
(0.94) and heart failure (0.99) [23].

31.3	 �Physical Activity and Exercise—Indirect Pathways 
to Vascular Health

Traditional risk factors for atherosclerosis are known to be positively affected by an 
increase in physical activity and exercise, which is thought to be the dominant way 
to achieve benefits in vascular health. Single effects on risk factors are rather small. 
Blood pressure reduction following endurance [24] or resistance [25] exercise were 
−3.0/−2.4 mmHg (systolic) and −3.9/−3.9 mmHg (diastolic) in normotensive and 
−6.9/−4.9 (systolic) and −4.1/−1.5 mmHg (diastolic; not significant) in hyperten-
sive individuals, respectively. No effects on LDL-, HDL-cholesterol and only small 
effects on triglycerides (−6  mg/dL) have been shown [26]. In summation, the 
“polypill” physical activity may have a bigger anti-arteriosclerotic effect. Going 
beyond classical risk factors, additional benefits arise from anti-inflammatory 
mechanisms, increased insulin sensitivity, improved hemostasis, reduction of the 
sympathetic drive, and antidepressive or other psychic effects. Taking together these 
multiple ways of action, approximately one-third of risk reduction is not explained 
by the indirect effects of physical activity and exercise which has been largely over-
looked in the past [27]. Thus, direct effects of exercise are most likely to at least 
partially close the gap [28]. Among them, the increases in blood flow and to a 
smaller extent the exercise-associated increase in blood pressure are thought to be 
beneficial for the vascular wall (Fig. 31.1).
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31.4	 �Blood Flow and Vascular Properties

Blood flow increases occur mainly in endurance-type exercises. During maximal 
endurance exercise, cardiac output increases 4- to 5-fold in untrained individuals 
and 7- to 8-fold in elite endurance athletes [29]. At the same time, blood flow in 
conducting arteries that lead to the working musculature increases 10- to 15-fold 
[30, 31] while arteries leading to the brain show only a mild increase of up to 1.3-
fold [32, 33]. In contrast, the blood flow increase during maximal strength exercise 
is nearly completely restricted above an intensity of 30% of the one repetition maxi-
mum (1RM). This is why especially endurance exercise is associated with an 
increase in arterial shear stress and thus with the release of nitric oxide (NO) by 
endothelial cells in a dose-dependent manner. In general terms, the higher the blood 
flow, the higher the shear stress, the higher the endothelial NO release. NO is the 
most important mediator of a normal endothelial function [34]. NO acts as a strong 
vasodilator by itself and induces a strong anti-atherosclerotic effect in the arteries 
[35]. However, only an intact endothelium is able to produce NO, which is synthe-
sized by the endothelial NO synthase (eNOS or NOS III) via the interaction of dif-
ferent neurohumoral mediators such as acetylcholine [36, 37].

Chronically increased blood flow to the working musculature as typically seen in 
endurance athletes is initially associated with an increased arterial shear stress 

Traditional risk factors
High blood pressure
Dyslipidemia
Smoking
Diabetes
Gender
Genetic factors etc

Lifestyle changes
Diet
Mental health

Non-traditional risk factors
Inflammation
Neurohumoral alteration
Sympathetic overactivity etc

Induced directly by
blood flow and
intermittent increase
of blood pressure

Physical activity
and exercise

Physical activity
and exercise

Indirect effect on CV risk
~70%

Direct effect on CV risk
~30%

Fig. 31.1  The indirect effects of physical activity or inactivity via traditional, nontraditional risk 
factors and lifestyle changes, respectively, explain approximately 70% of the vascular health. 
Around 30% of the “polypill” physical activity  and exercise  seems to be the direct effect of 
exercise-increased blood flow and intermittent increase in blood pressure. The upward pointing 
arrow indicates an increase in physical activity and exercise and vice versa
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triggering an adaptive growth of vascular wall cells that normalize the shear stress 
to a pretraining level [38, 39]. The diameter of conducting arteries leading to the 
working musculature is typically higher in endurance athletes compared to their 
sedentary peers [38, 40, 41]. The adaptive vascular responses are depicted in 
Fig. 31.2.

This adaptation is not visible in arteries without a significant exercise-induced 
increase in blood flow and shear stress [42]. The ideal human model for this phe-
nomenon is tennis players with an increased diameter only of the brachial artery of 
the playing arm [40]. Immobilization, on the opposite, is associated with missing 
intermittent increase of blood flow and adequate stimulus of wall property preserva-
tion. This is also associated with impaired endothelial function, visible in arteries of 
immobilized extremities as a consequence of traumatic injury, paraplegia, or bed 
rest [38, 43, 44].

Areas of the arterial tree with reduced shear stress are the arterial branches which 
as a consequence are prone to develop arterial plaques [45]. Typical sites are the 
carotid bifurcation or the rectangular branches of the medial cerebral artery where 
flow obstructions occur frequently [46].
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Fig. 31.2  Shows the functional and structural adaptations to increased or reduced blood flow and 
blood pressure induced by increased physical activity or exercise training versus physical inactiv-
ity. Endothelial function nearly normalizes to pretraining or de-training level while arterial stiff-
ness and the change of arterial diameter seems to be permanent changes. Note the different time 
courses of functional and structural vascular adaptations.  The arrows indicate the direction of 
change. The green color stands for the improve and red color for the deterioration of the function
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31.5	 �Blood Pressure and Vascular Properties

During endurance exercise, invasively measured systolic blood pressure increases 
by 50–60% and diastolic blood pressure by 10–20% [47]. Subsequently, the arte-
rial diameter increases during the systole and decreases during the diastole. If 
transmural pressure and thus circumferential stress (calculated as blood pres-
sure × arterial diameter/wall thickness) is chronically increased, i.e., in hyperten-
sion or during high load exercise training, the arterial wall compensates through 
hypertrophy of vascular smooth muscle cells and proliferation of the endothelium 
[48, 49]. The mechanical stimuli for the endothelium are converted into chemical 
signals that trigger cell adaptation [50, 51]. The consequence is either a physio-
logic adaptation or an adverse change of the arterial wall. The latter is character-
ized by hypertrophy of vascular smooth muscle cells, disruption of elastin lamellae, 
increased storage of collagen, and stiffening of the arterial wall (arteriosclerosis) 
and/or plaque formation (atherosclerosis) [52, 53]. This is strongly driven by 
increased production of reactive oxygen species (ROS) [54]. Since exercise ses-
sions usually have durations of less than 2 h, this temporary increase in circumfer-
ential stress and thus increased production of ROS by the endothelium does not 
seem to harm the arterial wall [55]. Adverse effects on the arterial wall are to be 
expected, however, if the pressure is chronically increased due to an unfavorable 
risk factor profile.

Comparing the effects of endurance- and resistance-type exercise, endurance 
exercise with laminar flow conditions and steady increase of shear stress is able to 
reduce the concentration of ROS and preserve and enhance endothelial function. 
Strength exercise with low or no increase of blood flow does not exert a significant 
NO-stimulating effect on the endothelial cell. The temporary increase in blood pres-
sure and thus circumferential stress associated with either endurance or strength 
exercise training does not seem to have lasting negative effects on arterial wall prop-
erties and thus for vascular health.

31.6	 �Impact of Physical Activity on the Arterial Structure

Arteriosclerosis is a process beginning at its earliest stage with endothelial dysfunc-
tion and ending with an atherosclerotic plaque with or without obstruction of the 
blood flow [56, 57]. Halfway between mild to severe stages of arteriosclerosis are 
the changes of the vascular wall without plaque formation but with thickening of the 
wall. The attraction to assess vascular wall thickening and plaque as biomarkers or 
indicators of vascular health lies in the possibility to visualize these changes nonin-
vasively by high-resolution ultrasound [58, 59]. Although wall thickening is some-
times thought to be a precursor of plaque formation, both carotid intima-media 
thickness (IMT) and plaque presence provide complementary prognostic informa-
tion [60]. The carotid artery is the site where both features of the atherosclerotic 
process are most commonly and easily accessed.
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31.7	 �Clinical Relevance of Carotid Artery Wall Thickness

The carotid IMT is a well-established predictor of cardiovascular events such as 
myocardial infarction and/or stroke. An increase of 0.1 mm from baseline IMT was 
associated with an increase of age and sex-adjusted relative risk of 16% for cardio-
vascular events in a meta-analysis that included 16 studies with 36,984 participants 
[61]. The risk prediction based on carotid IMT has been shown to be equivalent to 
the Framingham risk score. However, the net reclassification index (NRI) to allocate 
the risk to a higher or lower risk group based on the measurement of the carotid IMT 
is rather small with around 3–4% [62]. In contrast to carotid IMT, carotid plaque is 
better-suited for risk assessment with a NRI of 8.1% for individuals without CV 
disease at baseline. The combination of both achieves a clinical NRI of 21.7% in 
individuals with intermediate risk [63]. Increasing wall thickness of peripheral 
arteries principally has a similar association with cardiovascular risk, but in clinical 
practice the assessment has not yet asserted itself.

31.8	 �Physical Activity and Carotid IMT

Carotid IMT is not uniformly associated with the level of physical activity. In men 
and women at the age of 44 ± 8 years (N = 614), without carotid arteriosclerosis and 
without increased coronary heart disease risk, an inverse association of time spent 
in sedentary activity and carotid IMT was shown after adjustment for age and the 
established risk factors [64]. At the 3-year follow-up (N  =  495), the increase in 
carotid IMT was not stopped, but carotid IMT showed a significantly lower progres-
sion in individuals engaged in vigorous physical activity compared to those engaged 
in light or moderate physical activity [64].

A similar finding was shown in the Los Angeles Atherosclerosis Study (age 
50 ± 5 years) in which only vigorous aerobic physical activity ≥3.5 times per week 
slowed carotid IMT progression [65]. The sedentary group showed a threefold 
higher progression rate than the regularly active group which persisted after adjust-
ment for several classical and lifestyle-dependent risk factors. This suggests an anti-
atherosclerotic effect of vigorous activity independent of traditional risk factors. It 
is noteworthy that the rate of progression of IMT was not associated with workplace 
activity implying no benefit for vascular health. The finding is in line with a recent 
study investigating the effect of occupational versus leisure-time physical activity 
on maximal oxygen uptake in which only conditioning leisure-time physical activ-
ity, but not occupational physical activity was associated with an increased maximal 
aerobic capacity [13].

Based on the observed progression rate in healthy individuals, structural changes of 
the carotid IMT take at least 1 year [66–68]. The only RCT that was exclusively based 
on exercise training and took this into consideration was conducted in middle-aged 
Finnish men (57.2, age range 56.6–57.9 years) with an intervention phase of 6 years 
[69]. The intervention group expended an additional 1515 kcal per week through light 
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to moderate-intensity walking that corresponded to 40–60% of maximal oxygen uptake 
leading to a 16% increase of the ventilatory aerobic threshold compared to a 3.5% 
decrease in the control group. Despite this remarkable increase in aerobic capacity, the 
progression of carotid IMT slowed only in the subgroup of men not taking statins. This 
“insufficient effect” of moderate physical activity on vascular structure gives support to 
thve use of vigorous-intensity physical activity in health prevention.

Another long-term intervention of 4 years duration in premenopausal women 
(353 women, age 44–50 years) aimed at slowing the known accelerated progression 
of atherosclerosis in the transition from premenopause to postmenopause [70]. This 
intervention based on lifestyle changes including dietary advice and increase in 
leisure-time physical activity, equivalent to an energy expenditure of 1000–
1500  kcal/week, was able to significantly slow the progression of carotid 
IMT. Although the additional energy expenditure was even less than in the Finnish 
intervention trial, one may hypothesize that multidimensional interventions may 
amplify the effects of the single components.

These results are in line with a lifestyle intervention study in Germany in 618 
middle-aged individuals (47.0 years at average) free of clinical cardiovascular dis-
ease [71]. The intervention with a mean follow-up of 2.4 years was comprised of 
weekly sessions of structured exercise, dietary education, and mental stress reduc-
tion. Of the 618 participants, 196 participated in the structured program for the first 
6 months, 175 participated for the entire study duration, and 239 participated in no 
structured intervention. The progression of the carotid IMT was significant in par-
ticipants participating in the 6-month intervention (+0.0159  mm, CI +0.0064 to 
+0.0253) and in those participating in no intervention (+0.0127 mm, CI +0.0046 to 
+0.0208), but stopped in participants who participated for the entire duration of the 
study (+0.0060 mm, −0.0036 to +0.0156) [71]. The results indicate the need for a 
continuously running intervention in the primary prevention of vascular disease.

A recent exercise intervention study over 12 months in patients (N = 123) with 
coronary artery disease and diabetes (63.1 ± 7.9 years) showed no effect of com-

bined endurance (
2

3
 of sessions) and resistance training (

1

3
 of sessions) on carotid 

IMT [72] although the total exercise volume prescribed was 150 min/week includ-
ing parts of high-intensity interval training (RPE ≥ 15). However, the patients with 
no atherosclerotic plaque (N = 65) showed a reduction of carotid IMT compared to 
control (−0.034 mm, CI −0.060 to −0.008 vs. 0.013 mm, −0.011 to 0.038). The 
authors interpret these findings as a potentially weaker NO-mediated effect of exer-
cise in areas with plaques, and thus exercise may have only an effect in patients with 
less severe atherosclerotic diseases. All successful interventions attenuating the pro-
gression of carotid IMT were based dominantly on endurance-type exercise. 
Resistance-type exercise showed no effect in healthy volunteers [73].

In children and adolescents the carotid IMT is the only structural vascular bio-
marker to visualize the effect of an increased risk factor burden because more 
advanced stages of atherosclerosis in shape of plaques are not yet present. Further, 
the carotid IMT seems to be more sensitive to changes in the arterial milieu. This has 
been shown in children with an acute infectious disease where a normalization of the 
“swollen” carotid IMT was visible within 3 months after the infection [74]. Therefore, 
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it is no surprise that a recent meta-analysis of 6 RCTs in an obese pediatric popula-
tion (6–18 years, N = 303) showed a small-to-moderate reduction of carotid IMT 
following exercise training with a duration of 12–24 weeks [75]. All interventions 
were of endurance type, half of them with additional resistant-type exercise. The 
duration of the intervention in weeks or the minutes of exercise per week seemed to 
be the general conditions of success, meaning that longer duration of the intervention 
and higher volume of exercise increases the effect on carotid IMT.

A promising parameter of carotid structure assessed with noninvasive ultrasound 
seems to be the irregularity of the IMT, the IM-roughness, representing an early 
sign of atherosclerotic carotid wall changes [76]. IM-roughness can be automati-
cally quantified and discriminates better between clinically healthy elderly individ-
uals and patients with coronary artery disease [77]. The IM-roughness has been 
shown to be inversely associated with maximal oxygen uptake in healthy lifelong 
physically active men (64.48 ± 3.45 years; N = 51), meaning that fitter men have a 
smoother arterial wall [78]. A recent study in 602 healthy German school children 
(aged 8–18 years) showed that carotid IM-roughness was significantly and nega-
tively correlated with physical fitness (r = −0.212, p < 0.0001). Low physical fitness 
seems to be a strong predictor for the carotid IM-roughness increase [79].

To summarize, endurance-based exercise interventions seem to mitigate the pro-
gression of carotid IMT in a middle-aged to elderly population. The few trials and 
prospective cohort studies with sufficient duration of at least 12 months indicate that 
vigorous intensity seems to be more effective than lower intensity, especially in 
individuals with a lower atherosclerotic disease burden (Fig. 31.3). In children and 
adolescents, carotid IMT might be sensitive to the effects of physical activity and 
change of fitness. Carotid IM-roughness is associated with higher cardiorespiratory 
fitness across the age-span.

Aerobic exercise
Physical activity

Intensity

Carotid IMT progression

Duration

Fig. 31.3  Shows the 
effect of aerobic exercise/
physical activity on the 
progression of the carotid 
intima-media thickness 
(IMT). Longer duration 
and higher intensity seems 
to reduce or even stop the 
increase of carotid 
IMT. Higher intensity 
exercise seems to be 
superior to low and 
moderate intensity 
exercise. The upward 
pointing arrow indicates an 
increase in IMT, the 
horizontal arrow indicates 
stagnation of progression
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31.9	 �Impact of Physical Activity on the Arterial Function

The arterial function is dependent on the regulatory capacity of the endothelium to 
release endocrine hormones (among which NO is one of the most potent one [80]), 
the tonicity of the smooth muscle cells, and the passive properties of elastic fibers 
and connective tissue. All these components contribute to arterial stiffness. Arterial 
stiffness is influenced by ventricular stroke volume, the buffering capacity of the 
arterial tree (Windkessel), and the peripheral wave reflection [81]. Arterial wall 
stiffness increases from the aorta to large elastic arteries and to the peripheral mus-
cular conduit arteries. Lumen narrowing of the aorta and the peripheral arteries and 
local arterial branching create an impedance mismatch causing wave reflections 
traveling back to the central aorta and superimpose with central blood pressure [81, 
82]. The higher the arterial stiffness of central conduit arteries, the faster is the 
propagating and reflecting wave. In an elastic aorta, the reflecting pressure wave 
arrives during diastole augmenting the coronary artery blood flow mainly during 
diastole [83]. In a stiffer aorta, the reflecting pressure wave superimposes with the 
central pressure already during systole causing an increased cardiac afterload with 
subsequent increased cardiac muscle oxygen consumption [84]. In the mid to long-
term, the consequence is left ventricular hypertrophy as an established risk factor 
for future cardiovascular events and heart failure. Endothelial dysfunction contrib-
utes partially to an increase in arterial stiffness, which has been shown by in vivo 
blockade of NO in the iliac artery [85]. From the clinical point of view, it is impor-
tant to prevent the arterial tree from early arterial stiffening in order to preserve 
cardiac function.

31.10	 �Pulse Wave Velocity

Pulse wave velocity (PWV) is defined as the velocity of the pulse as it travels from 
the heart to the carotid, the femoral artery or the arteries of the lower leg. An increase 
of the PWV is the result primarily from stiffening of the arterial wall with a loss of 
elastic properties by various processes such as calcification of the media and inter-
nal elastic lamina [86]. The carotid-femoral PWV is usually considered the “gold 
standard” measuring PWV tonometrically as the distance from the measuring site 
over the time delay of the two waveforms  (see Fig. 31.4). The beginning of the 
waveforms is termed the foot and the velocity the “foot-to-foot” velocity [87]. The 
brachial-ankle PWV is measured with cuffs wrapped around both upper arms and 
ankles of the subjects lying in a supine position. The cuffs are connected to plethys-
mographic and oscillometric sensors. The brachial-ankle PWV is measured as the 
path lengths from the suprasternal notch to the brachial cuff and from the supraster-
nal notch to the ankle cuff corrected for the height of the individual [88].

The PWV has an independent predictive value for cardiovascular events and all-
cause as well as CV mortality. One standard deviation increase in carotid-femoral 
PWV was associated with a 30% increase in cardiovascular disease events after 
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adjustment for traditional risk factors [89]. The 5-year overall NRI for coronary 
heart disease and stroke in intermediate risk individuals was 14.8% and 19.2%, 
respectively, and thus better than for carotid IMT and carotid plaque [89]. An 
increase in brachial-ankle PWV by 1 m/s was associated with an increase by 12% 
in cardiovascular events and 13% in cardiovascular mortality adjusted for tradi-
tional risk factors [90]. The ease of use and the independent predictive value are 
arguments among others for the broader usage of PWV in research and clinical 

Aerobic exercise

Resistance exercise

Duration

Intensity

Intensity

Physical activity

Duration

Intensity

Change of PWV

Central wave

Peripheral wave

Fig. 31.4  Shows the effect of aerobic and resistance exercise and physical activity on pulse wave 
velocity (PWV). The positive effect of aerobic exercise on PWV increases with increasing dura-
tion and intensity. Resistance exercise has a small reducing effect at low to moderate intensity but 
increases PWV unfavorably at higher loads of >80% of the one repetition maximum. Physical 
activity decreases PWV stronger with longer duration and intensity. Even low intensities seem to 
have a beneficial effect in elderly people. Sedentarism regarding aerobic exercise or physical activ-
ity increases PWV. The downward pointing arrow indicates a decrease in PWV and vice versa. The 
green color stands for the improve and red color for the deterioration of the function
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practice. For both methods, it still has to be proven that their use improves clinical 
outcomes in addition to and beyond established treatment strategies [60].

31.11	 �Physical Activity and Arterial Stiffness

Arterial stiffness is determined by functional components promising a faster adapta-
tion to exercise training or to change of physical activity. In contrast to endothelial 
function [28] there are no indications that arterial stiffness will normalize (reverse) 
after structural adaptation has occurred.

Only few population-based studies investigating the association of physical 
activity and arterial stiffness exist. In 198 men and women higher habitual physical 
activity (>6600 steps/day and/or exercised for more than 16 min/day at an intensity 
>3  METs) was associated with lesser stiffening of central arteries [91]. In 538 
healthy Japanese men and women carotid-femoral PWV was lower (better) 
(9.45 ± 19 m/s vs. 8.82 ± 0.16 m/s; P < 0.01) in elderly individuals (63 ± 0.3 years) 
with a higher amount of light physical activity (~700 min/day vs. ~500 min/day at 
an intensity <38% VO2max). Since it may be easier to promote the replacement of 
inactivity by light physical activity, such as household tasks and other unstructured 
activities especially in inactive individuals due to a lower threshold, this study is of 
high importance for public health by preventing age-related arterial stiffening [92]. 
In the Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in Adults 
(SAPALDIA) high versus no vigorous physical activity (2880 MET min/week vs. 
0 MET min/week) was associated with lower brachial-ankle PWV in elderly indi-
viduals (63.3 years on average) [93]. Moderate and low-intensity physical activity 
was not associated with different PWV. This finding is in contrast to the Japanese 
study [92]. However, ethnic differences might account for that. Another study in the 
SAPALDIA cohort was conducted to analyze potential changes in physical activity 
and their effect on PWV [94]. Men increasing the amount of moderate-to-vigorous 
physical activity to a sufficient level (>150  min/week) from SAPALDIA 2 to 
SAPALDIA 3 (time interval 8.3 years) had a significantly lower PWV than those 
with no change. However, men and women who were permanently sufficiently 
active presented the best arterial stiffness values [94]. In summary, staying active or 
increasing physical activity to a sufficient level at an advanced adult age is good for 
vascular health measured as arterial stiffness. The recommended intensity of physi-
cal activity is not completely clear but any activity seems to be better than complete 
physical inactivity.

Aerobic endurance exercise training has a significant reducing effect on central 
and peripheral PWV. This effect is visible in healthy individuals and in patients with 
chronic diseases such as hypertension or type 2 diabetes. A tendency to a lesser or 
no change is visible in diseases with a more pronounced atherosclerotic progression 
such as chronic kidney disease [95, 96].

Already 4–8 weeks of endurance training were associated with a small reduction 
of PWV (−0.35, CI −0.68 to −0.02) and the effect nearly doubled with a twice as 
long intervention duration of 9–16  weeks (−0.69, CI −1.13 to −0.25) and even 
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further increased with an even longer intervention time (>16  weeks, −1.19, CI 
−1.92 to −0.47). A second influencing factor on PWV was a relative improvement 
in aerobic capacity measured as VO2max. Even low improvements (<10%) were asso-
ciated with significant decreases in PWV (−0.40, CI −0.52 to −0.28), while every 
additional 5% improvement in VO2max led to further 0.4 to 0.5 decreases in PWV 
[95] (Fig. 31.4).

In contrast to aerobic exercise, resistance exercise does not exhibit such uni-
form effects on PWV (Fig. 31.4). The ideal resistance training should provide 
strengthening of the musculature without health hazards to the vasculature. 
However, this does not seem to be true for all types of resistance training. The 
existing RCTs varied in training frequency (in average 2–3 weekly sessions) 
and intensity ranging from 20% to 100% of the 1RM [96]. Most programs con-
sisted of concentric-type exercises for several large muscle groups of the whole 
body. Light (≤50% 1RM) to moderate intensity (>50–70% of 1RM) showed a 
reduction of PWV of around 5% [96] while high-intensity (≥80% 1RM) resis-
tance exercise was associated with a noticeable stiffening of up to 30% [97]. 
One RCT compared lower limb with upper limb resistance training, with an 
increase in PWV of 12.2% (CI 5.6% to 18.8%) for upper limb exercise and no 
effect for lower limb resistance training with an intensity of 80% of 1RM in 
young healthy individuals [98]. Further, eccentric-type resistance training at 
100% of 1RM resulted in a slight decrease of PWV (−3.9%, CI, −6.6% to 
−1.2%) while concentric-type resistance training led to increase in PWV (9.9%, 
CI 7.2% to 12.6%) [99].

Several training programs combine aerobic endurance exercise with resistance 
exercise. In those studies, the training frequency amounted to 3 weekly sessions 
with an intensity range of 50–80% of 1RM and 60–90% of maximal heart rate 
(moderate to high-intensity aerobic exercise) [96]. If endurance training directly 
follows resistance training, no change in PWV will occur, suggesting that combined 
exercise may be of particular relevance for the prevention of sarcopenia in elderly 
individuals with a prevalence of hypertension of almost 70–80% beyond the age of 
70 years [100]. However, single studies suggest that the resistance training-induced 
protein complex (mTORC1) which controls protein synthesis and regulates muscle 
mass may be downregulated by aerobic training thus impairing the effect of resis-
tance training on muscle hypertrophy [101]. Therefore, the ultimate aim should be 
to find a favorable type of strength training that sufficiently increases muscular 
strength but does not cause any increases in PWV and thus an increased cardiac 
burden.

To summarize, endurance exercise interventions are most likely to reduce arterial 
stiffness in a healthy population and in patients with several chronic diseases. Because 
of the “functional” nature of arterial stiffness, the positive effects are visible within a 
shorter time frame of only a couple of months and increase with duration and intensity 
of the program. Resistance exercise training has inhomogeneous effects on arterial 
stiffness with an adverse increase following high-intensity training and upper limb 
training and small beneficial effects following low-intensity training and lower limb 
muscle groups.
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32Role of Ambulatory Blood Pressure 
Monitoring in Prehypertension
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Dario Turturiello, and Paolo Verdecchia

32.1	 �Introduction

The term prehypertension appeared for the first time in the Seventh Report of the 
Joint National Committee (JNC-VII) on Prevention, Detection, Evaluation and 
Treatment of High Blood Pressure in 2003 [1]. This category included subjects with 
office systolic BP (SBP) between 120 and 139  mmHg or diastolic BP (DBP) 
between 80 and 90 mmHg. The choice to reclassify what was previously conceived 
just as normal or borderline BP found its rationale on two levels of evidence: first, 
subjects included in this BP category, as compared with subjects with normal or 
optimal BP (BP < 120/80 mmHg), were shown to be at increased risk to became 
truly hypertensives [2]. Second, the CV risk associated with BP values begins to 
increase after 115/75 mmHg, as shown by a large-scale meta-analysis published in 
2001 [3]. The Committee thus recommended close follow-up and possible 
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non-pharmacologic intervention for individuals in this category to reduce the pro-
gression toward sustained hypertension.

Among the large efforts made to describe the main characteristics of subjects 
with prehypertension, and the causes of the associated increased CV risk, ambula-
tory blood pressure monitoring (ABPM) played a decisive role. ABPM, in the set-
ting of hypertension and other clinical contexts, was a paradigm shift in the diagnosis 
and management of individuals with elevated BP values. 24 h average BP, or other 
out-of-office BP measurements obtained by multiple readings and including a 
dynamic behaviour, are well acknowledged as the most accurate and representative 
measures of individual’s usual BP. ABPM-derived BP values are more reproducible 
than casual BP [4], less prone to observer bias, more strongly related to target organ 
damage [5], and its prognostic value is clearly superior to that of office BP [6–8].

A number of studies demonstrated that subjects with prehypertension are likely 
to exhibit 24 h BP values that often fall in the range of true hypertension. This phe-
nomenon has been named “masked hypertension”. The prevalence of masked 
hypertension is definitely higher in subjects with prehypertension than in normoten-
sive subjects, and this could in part explain the increased CV risk observed in this 
particular patient category.

Usually, drug treatment in prehypertension is not recommended; however, 
patients with prehypertension and associated masked hypertension more frequently 
develop target organ damage and cardiovascular (CV) events. Therefore, subjects 
with prehypertension and masked hypertension should be well characterized and, 
once the diagnosis is confirmed, they could benefit from drug treatment to reduce 
their overall CV risk. The next section will narratively review the existing evidence 
supporting an increased CV risk in subjects with prehypertension and masked 
hypertension.

32.2	 �Relationship Between Office and Out-of-Office  
BP Values

In each subject, office BP and corresponding out-of-office BP values are closely 
associated. At the population level, when values of office BP are plotted against 
ABPM-derived 24 h BP, it could easily be observed that values are almost com-
pletely displayed around a straight regression line (Fig. 32.1) [9].

The degree of correlation between these two measures, calculated as Pearson’s 
correlation coefficient, is about 0.6. Similar results were found also with home BP 
monitoring (HBPM) [10]. In statistical terms, that means that less than half of the 
total variance (R-squared) of office BP is explained by out-of-office BP, and the 
remaining variance is equally scattered around the line of predicted BP values: half 
of subjects are therefore characterized to have out-of-office BP higher than values 
predicted from office BP, and half of subjects have out-of-office BP lower than 
office BP-predicted values.

As widely acknowledged, BP measurement is subjected to random error, and 
repeated BP measurement performed on the same subject show the phenomenon of 
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Fig. 32.1  Scatterplots of office systolic blood pressure vs daytime systolic blood pressure (evalu-
ated from 24 h ambulatory blood pressure monitoring (upper side), and home SBP (lower side). 
From Angeli F et al. [9] (upper side) and Tientcheu D et al. [10] (lower side)
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the regression to the mean [11]. Since the number of out-of-office BP measures is by 
definition higher than casual BP readings obtained in the office setting, the relative 
weight of the regression to the mean effect on average BP obtained from out-of-
office measurement becomes more noticeable than on casual BP readings. As a con-
sequence, the slope of the regression line between office BP (X-axis) and 24 h BP 
(Y-axis) tends to be lower than the unit order, and the intercept line usually crosses 
the ordinate at values higher than zero. This means that at increasing office BP val-
ues, the absolute difference between office BP and out-of-office BP statistically tend 
to increase. Similarly, at decreasing office BP values, the difference between office 
and out-of-office BP tend to lower. As a matter of fact, 24 h BP values in the range of 
normotension have been shown to be higher than office BP [12].

Nevertheless, there is a wide-held belief that, in absolute terms, ABPM values are 
constantly lower than office BP. Prospective data from the International Database on 
Ambulatory Blood Pressure Monitoring in Relation to Cardiovascular Outcomes 
(IDACO) study suggested that outcome-driven thresholds of ABPM yielding the 
same 10-year cardiovascular risk of office BP corresponding to 140/90 are about 
10 mmHg lower (131/79 mmHg) [13]. This was acknowledged in the recent interna-
tional guidelines [14–16], leading to the consensus values for the diagnosis of hyper-
tension based on 24 h BP fixed values (Table 32.1), as 24 h SBP/DBP > 130/80 mmHg, 
daytime SBP/DBP > 135/85 mmHg, or night-time SBP/DBP >120/70 mmHg.

As the direct consequence of fixed BP thresholds for the diagnosis of hyperten-
sion based on 24 h BP values, the proportion of subjects that, in the range of prehy-
pertension, display 24 h BP values higher than normal (>130/80 mmHg) is directly 
related to office-BP cutpoint: the higher will be office BP, the higher the prevalence 
of masked hypertension. A number of studies showed that the prevalence of masked 
hypertension is directly related to office BP values. In the IDACO study, a 
population-based study including 11 randomly recruited population cohorts for a 
total of 12.148 participants, the prevalence of masked hypertension was 7.5% 
among normotensives, and 29.3% among prehypertensives [13]. In the Jackson 
Heart Study, a population-based survey exploring the prevalence of masked hyper-
tension among 942 African American patients with normal or high-normal BP 
undergoing ABPM, the overall proportion of masked hypertension was 25.9%. 
Interestingly, the prevalence of masked hypertension had an exponential rather than 
linear increase at increasing categories of office BP, being 15.4% among subjects 
with office BP <100/70 mmHg, 18.1% among subjects with 100–109/70–74 mmHg, 
20.5% among subjects with 110–119/75–79 mmHg, 36.8% among subjects with 

Table 32.1  Consensus 
definition of masked 
hypertension

Office BP < 140/90 mmHg AND
Daytime BP > 135/85 mmHg
Night-time BP >120/70 mmHg
24 h BP > 130/80 mmHg
Home BP > 135/85 mmHg

This definition is related only to untreated patients. If the 
same condition is found among treated patients, the adopted 
definition is masked uncontrolled hypertension
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120–130/80–84  mmHg, and 51.4% among subjects with 130–139/85–89  mmHg 
(Fig. 32.2) [17].

Similarly, in the Masked Hypertension Study, among normotensives or untreated 
hypertensive subjects whose mean office BP was 116/75 mmHg, the prevalence of 
masked hypertension was 14.9%. In the entire cohort, the average 24  h BP was 
significantly higher than office BP, and 24 h BP values exceeded office BP more 
frequently than office BP exceeded 24 h BP. As a confirmatory finding, even in this 
study, the probability of having masked hypertension increased at increasing office 
BP values, being 10% in subjects with office SBP between 120 and 130 mmHg, 
34% in those with office SBP between 130 and 135 mmHg, and 50% between 135 
and 140 mmHg. Similar trends were observed also for DBP [12]. On a different 
level, among subjects with masked hypertension, prehypertension was found in the 
84% of the entire cohort [18]. Recently, pooled data from the Masked Hypertension 
Study and the National Health and Nutrition Examination Survey (NHANES; 
2005–2010) were used to impute the ABPM-derived hypertension status for 
NHANES participants and estimate prevalence of masked hypertension among US 
adults with non-elevated clinic BP, no history of overt cardiovascular disease, and 
no use of antihypertensive medication. The prevalence of masked hypertension 
among 139 million US adults with office-BP lower than 140/90 mmHg was 12.3%, 
corresponding to 17.1 million adults misclassified as not having hypertension [19].

When home BP replaced ABPM for the evaluation of out-of-office hypertension, 
the proportion of subjects with masked hypertension, defined as those with average 
HBPM>135/85 mmHg and office BP < 140/90 mmHg, still varied as a function of 
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office BP levels. In the International Database of Home Blood Pressure in Relation to 
Cardiovascular Outcome (IDHOCO) study, an individual-participant meta-analysis of 
more than 5000 participants recruited from six populations, the prevalence of masked 
hypertension was 5% among participants with optimal office BP (<120/80 mmHg), 
18.4% among subjects with office BP between 120/80 and 129/84 mmHg, and 30.4% 
among subjects with office BP between 130/85 and 140/90 mmHg [20].

The diagnosis of masked hypertension is not only referred to 24 h or home aver-
age BP values, but also include patients with elevated BP only in the awake or 
asleep period, defined as daytime BP > 135/85 or night-time BP > 120/70 mmHg, 
respectively.

Although the term “masked hypertension” is generally referred only to treatment-
naïve patients, when elevated 24 h BP among treated hypertensives is found at face 
of controlled office BP (<140/90 mmHg), they are classified as having “masked 
uncontrolled hypertension”. Interestingly, the prevalence of masked uncontrolled 
hypertension is higher than masked hypertension. Part of this finding is explained 
by a higher treatment-induced BP reduction on office BP than on 24 h BP, as it was 
demonstrated in a meta-analysis including 44 studies [21].

In the large dataset of the Spanish Society of Hypertension Ambulatory Blood 
Pressure Monitoring, including more than 62,700 patients, the prevalence of masked 
uncontrolled hypertension was 31.1%. Among subjects with masked uncontrolled 
hypertension, the proportion of nocturnal masked hypertension (normal 24 h day-
time BP values and elevated 24 h nocturnal BP values) was 28% and almost doubled 
the proportion of subjects with masked daytime hypertension (elevated 24 h daytime 
BP values and normal 24 h nocturnal BP values) [22]. This suggest that the diagnosis 
of masked hypertension (or masked uncontrolled hypertension) is sensitive to BP 
thresholds adopted, and also that ABPM, as compared to other methods for the evalu-
ation of out-of-office BP not properly suited for nocturnal BP measurement, may be 
more sensitive in capturing a relatively higher proportion of subjects with masked 
hypertension due to increased BP levels only in the nocturnal interval.

32.3	 �Reproducibility of the Diagnosis  
of Masked Hypertension

The diagnosis of masked hypertension is based on two BP measures: the office and 
the out-of-office (ABPM or HBPM) BP. Therefore, the reproducibility of the diag-
nosis is inherently dependent upon the reproducibility of each assessment. Some 
studies addressed this issue on patients undergoing repeated measures of office BP 
and ABPM. In a small study, the reproducibility of masked hypertension was tested 
in 82 subjects undergoing repeated ABPM assessment for standard clinical indica-
tions. Masked hypertension was diagnosed by means of awake BP (>135/85 mmHg). 
Office DBP significantly changed between the first and the second assessment 
(153/85 vs. 149/82 mmHg, p for DBP change <0.05), while awake BP demonstrated 
a more stable behaviour (141/82 vs. 139/81, p for SBP/DBP changes = n.s.). The 
test-retest correlation coefficients confirmed that office SBP correlation was 
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significantly inferior to awake SBP. Masked hypertension was diagnosed in seven 
patients at first visit; of those, only four confirmed this status at the second visit. The 
number of subjects with masked hypertension at visit 2 was 15, and most of these 
patients had initially sustained hypertension [23].

Another study tested the short-term reproducibility of the diagnosis of masked 
hypertension using office and home BP readings performed about 2 weeks apart in a 
cohort of hypertensive patients under-treated with an angiotensin II receptor blocker. 
The prevalence of masked (uncontrolled?) hypertension increased from 8% at the 
first visit to 18% at the second visit. The main determinant of such findings was a 
significant change in office BP between the two visits, whereas HBPM values did not 
significantly change [24]. The long-term reproducibility of masked hypertension was 
recently assessed in a cohort of 839 untreated patients undergoing repeated office BP 
and ABPM during a period of 3 months. As compared to normotension, white-coat 
hypertension and sustained hypertension, masked hypertension showed the least pro-
portion of reproducibility, being confirmed in only 47% of subjects. Interestingly 
33% of masked developed sustained hypertension, and a higher office DBP at first 
evaluation was the unique determinant of this progression [25].

Taken together, these results show that masked hypertension is a poorly reproduc-
ible condition both in the short-term and long-term. This is in large part due to the 
short-term and long-term variability of office-BP. This finding is opened to a number 
of interpretation; nevertheless, it seems to add a point in favour of those supporting 
an ABPM-based approach for hypertension diagnosis and management [26].

32.4	 �Risk Factors for Masked Hypertension

The factors associated with the occurrence of masked hypertension among normo-
tensives and prehypertensives are still the focus of active research. The importance 
of correctly stratifying the risk of masked hypertension could have important clini-
cal and practical implications, including a compelling indication for ABPM or 
HBPM screening despite normal office BP levels.

Several studies suggest that the risk of masked hypertension is higher in young 
subjects and progressively decreases with ageing, as the result of a steeper trajectory 
of office BP with ageing as compared with ABPM. A potential confounding factor, 
in part related to this finding, is that young subjects are more physically active than 
older counterparts, and therefore more exposed to exercise-induced BP fluctuations 
[27]. However, to the best of our knowledge, no studies compared the prevalence of 
masked hypertension among different age categories with similar values of office BP.

An interesting study showed that, during a brief low-level cycling exercise (60–
70% of age-predicted maximal heart rate), subjects with masked hypertension reach 
significantly higher SBP values than normotensive subjects. An exercise SBP higher 
than 175 mmHg during low-level physical activity was able to identify subjects with 
masked hypertension with 74% sensitivity and 67% specificity. Therefore, subjects 
with masked hypertension are characterized by an increased pressor response to 
low-level exercise [28]. However, it should be pointed out that the group of subjects 
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with masked hypertension had significantly higher office BP levels as compared 
with normotensive group.

Masked hypertension was also associated with job strain in “white-collar” men. 
The risk of masked hypertension was doubled (adjusted odds ratio, 2.07; 95% con-
fidence interval, 1.30–3.31) for men in the active group characterized by high psy-
chological demands and high decision latitude [29]. Taken together, these findings 
suggest that masked hypertension could be the result of more pronounced and 
repeated BP responses to physical and mental stressors.

Smoking status and alcohol consumption were also associated with an increased 
risk of masked hypertension. In fact, both smoking exposure and alcohol consump-
tion elicit acute pressor effects that could last for many hours after the exposure, and 
are therefore more easily captured by out-of-office BP measurement [17, 30, 31].

Obesity and associated metabolic disorders are frequently found among subjects 
with masked hypertension. The prevalence of masked hypertension among subjects 
with the metabolic syndrome was evaluated in the Finn-Home study, a population-
based nationwide registry enrolling 1582 subjects undergoing office and out-of-office 
BP evaluation. As compared to normotensives and white-coat hypertensives, subjects 
with masked hypertension had nearly doubled odds for the metabolic syndrome and 
insulin resistance. Consistent results were found when home BP replaced average 24 h 
BP. Among the components of the metabolic syndrome, increased body mass index 
and waist circumference were the major determinants of masked hypertension [32].

Masked hypertension had often been found in subjects with obstructive sleep 
apnoea [33, 34], a commonly associated condition in patients with hypertension and 
obesity. Usually, in these patients, masked hypertension is due to nocturnal BP 
increases, in turn a consequence of the repeated sympathetic activations induced by 
apnea-hypopnea episodes [35]. Interestingly, a relationship between masked hyper-
tension and poor sleep quality has been recently reported. The study demonstrated 
impaired sleep quality, measured by the Pittsburgh Sleep Quality Index, in subjects 
with masked hypertension, particularly those with a non-dipper pattern [36].

The prevalence of masked hypertension is also increased in patients with diabetes 
mellitus and chronic kidney disease. Among normotensive subjects enrolled in the 
IDACO study, the prevalence of masked hypertension was found to be 29.3% in diabetic 
patients, and 18.8% in non-diabetics. The authors also showed that the CV risk of sub-
jects with diabetes mellitus and masked hypertension was almost comparable to untreated 
stage I hypertensive subjects. Based on author’s perspective, this would require specific 
attention, because the increased risk of masked hypertension among diabetic individuals 
could justify the routine assessment of 24 h BP in this high-risk group. However, it should 
also be noted that the group of untreated diabetic subjects, where the increased prevalence 
of masked hypertension was found, had higher average office BP values as compared to 
non-diabetic individuals (129/76 vs. 120/72 mmHg) [37].

In chronic kidney disease (CKD), the prevalence of masked hypertension ranged 
between 16% and 20% [38, 39]. In a meta-analysis of 54 cross-sectional studies 
evaluating out-of-office BP in CKD patients through home BP or 24 h BP, the prev-
alence of masked hypertension among normotensive subjects varied between 4.7 
and 31.3% due to different threshold classifications adopted for the diagnosis. When 
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studies were selected based on stricter definitions, the average weighted prevalence 
of masked hypertension was 19.8% [40]. Another recent meta-analysis, based on 70 
studies reporting values of office BP and out-of-office BP for a total of 86,167 sub-
jects included in the final analysis, provided a unique opportunity to describe the 
risk associated with the main determinants of masked hypertension in a large-scale 
setting. In keeping with previous evidence, the study showed that masked hyperten-
sion, either diagnosed by ABPM or HBPM, was associated with male sex (OR 
1.47), body mass index (OR 1.07 per 1 Kg/m2 increase), smoking status (OR 1.32), 
and systolic office BP (OR 1.10 per 1 mmHg increase) [41].

The main characteristics associated with an increased risk of having masked 
hypertension are reported in Table 32.2.

In summary, an increased risk is found in young subjects with prehypertension, 
smokers or heavy drinkers, obese subjects with metabolic syndrome or overt type II 
diabetes, sleep apnoea or sleep disturbances, or with chronic kidney disease. A 

Table 32.2  Main predictors 
of masked hypertension. 
References for each category 
are reported in the text

Predictors of masked hypertension
Prehypertension
High physical or mental stress at work/home
Smoking, excessive alcohol consumption
Metabolic syndrome
Diabetes
Chronic kidney disease
Obstructive sleep apnea
Poor exercise tolerance

Clinically normotensive subjects

Control of
risk factors

Low probability of MH

Normal values

Increased values

Masked hypertension
(consider drug treatment)

Consider
self-measured BP

and
ABP

High probability of MH
(Prehypertension, smoking, alcohol

consumption, male gender, diabetes,
obesity, high environmental stress)

Fig. 32.3  Suggested algorithm for the identification and management of subjects with masked 
hypertension. ABP ambulatory blood pressure, BP blood pressure, MH masked hypertension. 
From Angeli F et al. [9]
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previously published algorithm [9] for the identification and management of sub-
jects with masked hypertension is reported in Fig. 32.3.

32.5	 �Masked Hypertension and Target Organ Damage

The association between masked hypertension and markers of hypertension-related 
target organ damage had been reported in several studies. Most studies showed a 
stronger association between 24 h BP over office BP with target organ damage, a 
finding that was consistently reported across different clinical conditions [42]. The 
presence of target organ damage in masked hypertension may also explain the 
increased CV risk of this population. The strength of the association and the number 
and type of organ damage associated with masked hypertension are therefore of 
high clinical relevance.

In a seminal study by Liu JE et al., echocardiography and arterial ultrasonogra-
phy were performed in a cohort of 359 subjects, classified as sustained normoten-
sives (office BP < 140/90 and awake BP <134/90, n. 234), sustained hypertensives 
(office BP > 140/90 and awake BP >134/90, n. 64), and white-coat normotensives 
(n. 61), a different term defining subjects with normal office BP (<140/90 mmHg) 
and elevated awake BP (>134/90 mmHg). As compared to sustained normotensives, 
patients with white-coat normotension (or masked hypertension) showed signifi-
cantly increased values of left ventricular mass (LVM) and relative wall thickness, 
while no difference were found in comparison to sustained hypertensives. Similarly, 
common carotid intima-media thickness (c-IMT) in white-coat normotensives was 
not different from what was observed among sustained hypertensives [43].

Results from the Jackson Heart Study were confirmatory and strongly supported 
this view: subjects with masked hypertension had increased left ventricular mass as 
compared with normotensives, even after adjustment for a number of confounding 
factors such as age, sex and other cardiovascular risk factors (82 vs. 75  g/m2, 
p < 0.001). Values found among sustained hypertensives (81 g/m2) were generally 
in line with those found among masked hypertensives. Carotid Intima Media 
Thickness (c-IMT) showed the same behaviour: after adjustment for covariates, 
c-IMT was found to be significantly higher in subjects with masked hypertension 
than in normotensives (0.75 vs. 0.72 mm, p < 0.05). Among sustained hyperten-
sives, c-IMT was slightly higher than masked hypertension (0.78 mm), although 
this difference was not formally tested. In the same study, the authors also observed 
increased values of microalbuminuria in masked hypertensives versus normoten-
sives [17]. In a meta-analysis enrolling 2752 untreated subjects aimed at exploring 
the relationship between c-IMT and hypertension categories, a progressive increase 
in c-IMT was shown from normotension (0.68  mm) to masked hypertension 
(0.76 mm, p < 0.01 vs. normotensives) to sustained hypertension (0.79 mm, p < 0.01 
vs. normotensives). Of note, after adjustment for publication bias the statistical dif-
ference between groups was attenuated [44].

The Masked Hypertension Study added novel findings to the relationship 
between masked hypertension, prehypertension, and cardiac target organ damage. 
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Subjects with office BP <140/90 mmHg were divided into three categories: subjects 
with optimal BP and masked hypertension, prehypertensives without masked hyper-
tension, and prehypertensives with masked hypertension. The three groups, as 
expected, showed slight differences in BP and other clinical characteristics. In a 
multivariable analysis, after adjustment for age, sex, BMI, race, current smoking, 
hypercholesterolemia, diabetes, family history of hypertension and physical activ-
ity, LV mass in patients with optimal BP and masked hypertension (57 g/m2) was 
significantly lower than both subjects with prehypertension without masked hyper-
tension (66  g/m2) and subjects with prehypertension and masked hypertension 
(69  g/m2, Fig.  32.4). The difference between prehypertensive subjects with and 
without masked hypertension was not significant. The authors concluded that sub-
jects with optimal BP, despite masked hypertension, are not prone to develop target 
organ damage, and a 24 h BP evaluation in these patients might not be warranted. 
However, it should be noted that the conclusions are weakened by the limited num-
ber of patients with optimal BP and masked hypertension (n = 18) [18].

Findings from the Masked Hypertension Study also disclosed that subjects with 
masked hypertension share the same degree of diastolic dysfunction, evaluated through 
cardiac tissue Doppler, than patients with sustained hypertension. Compared to normo-
tensives, these participants were characterized by a significant increase of E/E’ ratio 
(6.20 for masked hypertension, 6.57 for sustained hypertension, p = 0.47, both p < 0.05 
vs. normotensives) [45]. Interestingly, the same relationship was found in a cohort 
study of treated hypertensive patients, with at least one CV risk factor, undergoing 
cardiac Doppler evaluation. Among patients with masked uncontrolled hypertension, 

50

55

60

65

70

75

Optimal BP
+

Masked HTN
N = 18

Pre-HTN
+

NO Masked HTN
N = 180

Pre-HTN
+

Masked HTN
N = 97

LV
 m

as
s,

 g
/m

2
*

**

***

* p<0.01
** p=0.01

*** p=0.19

Fig. 32.4  Left ventricular mass levels according to categories of office and 24 h BP. BP blood 
pressure, LV left ventricular, HTN hypertension. Adapted from Shimbo F et al. [18]

32  Role of Ambulatory Blood Pressure Monitoring in Prehypertension



482

the E/E’ ratio was significantly higher than in subjects with controlled hypertension 
(8.3 vs. 7.3, p = 0.02), without any statistically significant difference with the group of 
subjects with uncontrolled hypertension (8.3 vs. 8.3) [46]. Confirmatory results were 
shown among diabetic subjects [47] and in general population [48].

The strong relationship between masked hypertension and markers of target 
organ damage was also found when the diagnosis was made according to home BP 
monitoring. In the Finn-Home study, subjects with masked hypertension, defined as 
office BP <140/90 mmHg and home BP > 135/85 mmHg, showed increased odds 
for having left ventricular hypertrophy, evaluated through ECG as the Cornell volt-
age criteria. After adjustment for sex, age and other covariates, the Cornell voltage 
in the group of masked hypertensives was similar to sustained hypertensive and 
significantly higher to both normotensives and white-coat hypertensives [49]. In the 
Hisayama study, a cross-sectional survey of about 3000 community-dwelling 
Japanese subjects undergoing office- and home-BP evaluation, c-IMT and the bur-
den of carotid plaques found among masked hypertensives were comparable to 
those observed in sustained hypertensives, and significantly higher than values 
observed in the normotensive group [50].

Some interesting observations shed lights on the occurrence of organ damage in 
prehypertension. In an untreated population of 807 subjects, higher values of c-IMT 
were found among prehypertensives as compared to normotensives. However, when 
prehypertensives were split according to the presence of masked hypertension, the 
group of prehypertensives without masked hypertension showed similar degrees of 
organ damage as normotensives (0.65 mm in normotensives, 0.65 mm in prehyper-
tensives without masked hypertension); these values were significantly lower than 
what were found among prehypertensives with masked hypertension (0.71  mm) 
[51]. Another finding from the Jackson Heart Study came to the same results by 
analysing values of left ventricular mass in a mixed population of 909 hyperten-
sives. The authors described that masked hypertension carried an increased risk of 
higher LV mass, even after adjustment for prehypertensive status [52].

Overall, the previous results unremarkably demonstrated the need to perform 
ABPM or other out-of-office BP assessment among prehypertensives in order to 
better refine the risk of organ damage.

The association of masked hypertension with arterial stiffness deserves special 
attention, because, especially when expressed as carotid-to-femoral pulse wave 
velocity (cf-PWV), arterial stiffness is critically dependent from blood pressure 
measured at the time of evaluation. Therefore, the evaluation of pulse wave velocity 
is dependent on instantaneous blood pressure. Based on this evidence, one might 
expect that subjects with normal or near-normal office BP should have lower cf-
PWV values as compared with both sustained and white-coat hypertension. In a 
population of 539 never-treated Italian hypertensives, Schillaci et  al. reported 
increased values of cf-PWV in subjects with white-coat hypertension as compared 
to normotensives, after adjustment for age, sex and heart rate (9.3 m/s vs. 8.3 m/s, 
p < 0.05). However, when the entire population was split according to the difference 
between office and 24 h BP, subjects whose 24 h BP was higher than predicted from 
office-BP showed increased values of cf-PWV than subjects with 24 h BP lower 
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than predicted (9.9 m/s vs. 9.5 m/s, p < 0.05). This resulted despite the two groups 
shared, by definition, the same office-BP values. These results suggest that chronic 
hypertension-related structural damage to the arterial wall result in an increased 
pressure-independent component of arterial stiffness [53]. Therefore, subjects with 
masked hypertension, as compared to normotensives, could be at risk of having 
increased pressure-independent arterial stiffness.

Some studies confirmed this hypothesis. Among 414 diabetic patients undergo-
ing clinical evaluation for the diagnosis of masked hypertension, subjects with nor-
mal office BP and masked nocturnal hypertension showed increased cf-PWV values 
than patients with nocturnal normotension (10.2 m/s vs. 9.4 m/s, p = 0.03) [54]. In 
the subgroup of untreated patients from the Dallas Heart Study, a multi-ethnic popu-
lation cohort, subjects with masked hypertension and with white-coat hypertension 
were both characterized by increased values of cf-PWV as compared to normoten-
sives (5.53  m/s in white-coat hypertensives, 5.39  m/s in masked hypertensives, 
4.56  in normotensives, p  <  0.01), even after adjustment for confounders [10]. 
Another study, by confirming the same results, showed a gender-specific association 
between masked hypertension and target organ damage, being stronger in the female 
sex than in men [55].

32.6	 �Prognostic Significance of Masked Hypertension 
in Prehypertension

The prognostic implications of masked hypertension had been addressed by several 
prospective studies, most of which did not stratify subjects based on the presence of 
prehypertension. However, from a broader perspective, the main aim of these stud-
ies was to test whether subjects exposed to an increased BP load, irrespective of 
office BP values, are at increased risk of developing cardiovascular events. In other 
terms, if it is demonstrated that the relationship between out-of-office BP with car-
diovascular morbidity and mortality is stronger than office BP, this indirectly sup-
port the usefulness of 24 h pressure load in prehypertension [56].

Bjorklund et al., in 2003, were among the first to demonstrate, in untreated elderly 
men, that subjects classified as having “isolated ambulatory hypertension” (office 
BP < 140/90 mmHg and daytime BP >135/85 mmHg, a definition that correspond to 
masked hypertension) were at increased risk of developing cardiovascular morbidity 
over a period of 8.4 years. Interestingly, the risk associated with this condition (haz-
ard ratio -HR- 2.77) was of the same magnitude of that associated with sustained 
hypertension (HR 2.94), even though this was not formally tested. Moreover, when 
ambulatory daytime SBP was introduced as a continuous variable, the association 
was independent from office SBP [57]. Confirmatory results were described in the 
Ohasama study, where 1.332 subjects from general population underwent office and 
24 h BP evaluation, and were prospectively followed for 10 years. The adjusted risk 
for CV events for masked hypertension was 2.13, and it was consistent with the esti-
mate for sustained hypertension (HR 2.26), whereas the risk associated with white-
coat hypertension did not differ from normotension [58] (Fig. 32.5).
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In The IDACO study, an international database made of 7030 individuals from 4 
countries, subjects were followed for an average period of 9.5 years. Patients with 
masked hypertension, irrespective of which daytime BP threshold was adopted for 
the diagnosis (130/80 or 135/85 mmHg), showed increased odds for cardiovascular 
and cerebrovascular events, as compared to both normotensives and white-coat 
hypertensives. The study was the first to demonstrate that the risk for CV events 
associated with masked hypertension (HR 2.11) and sustained hypertension (HR 
2.08) were of the same order of magnitude. Furthermore, when office BP was forced 
along with 24 h BP and other covariates in a Cox-regression model, both office SBP 
and DBP lost their predictive value, while 24 h SBP and DBP retained their prog-
nostic significance [7].

Masked uncontrolled hypertension also confers an increased risk of CV events. In 
a cohort of 742 treated hypertensives, the CV risk associated with masked uncon-
trolled hypertension (defined as treated office BP < 140/90 mmHg and daytime BP 
>135/85  mmHg) was significantly higher than controlled hypertension (RR 2.28), 
while the risk associated with resistant hypertension was of a greater extent (RR 2.94).

A worse prognosis was also found when masked hypertension was diagnosed 
according to home BP values. In a cohort of 4939 elderly treated hypertensives, as 
compared to subjects with controlled hypertension, individuals with masked uncon-
trolled hypertension had a nearly doubled risk of adverse cardiovascular outcome 
(HR 2.06), after adjustment for confounding factors. The study also confirmed that 
home BP, but not office BP, was significantly associated with adverse prognosis (RR 
1.17 for any increase in 1 SD of SBP, RR = 1.12 for any increase in 1SD of DBP) 
[59]. A large-scale prospective observational study which enrolled 21.591 
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hypertensive Japanese patients treated with olmesartan, came to similar conclusions 
by observing that subjects with elevated morning home SBP (>145 mmHg) and 
normal office SBP (<130 mmHg) had an increased risk of cardiovascular events as 
compared to individuals with normal morning home SBP (<125 mmHg) and normal 
office SBP (<130 mmHg). In this population, the cut-off values for both home and 
office BP were derived from spline regression analysis as those corresponding to 
maximum and minimum CV risk [60].

Stergiou et  al. investigated the prognostic meaning of masked hypertension 
evaluated by HBPM in the International Database of HOme blood pressure in 
relation to Cardiovascular Outcomes (IDHOCO) study, a population-based inter-
national database enrolling subjects from five populations. Among untreated sub-
jects (n = 5007), the risk of adverse CV events was found increased in masked 
hypertensives (adjusted HR 1.57) and in white-coat hypertensives (adjusted HR 
1.42); the risk associated with sustained hypertension was significantly higher 
(adjusted HR 2.13). The two novel findings from this study were that the risk 
associated with masked hypertension was consistently lower than sustained 
hypertension, and that white-coat hypertension, diagnosed by HBPM, was associ-
ated with an adverse outcome. Given that the threshold levels for both office and 
home BP were in line with previous report, the authors suggested that part of the 
risk associated with white-coat hypertension was related to relatively higher lev-
els of home BP (although in the range of normality) in this category as compared 
to normotensives.

Similar results were found in the Dallas Heart Study: after a median follow-up of 
9 years, the risk associated with masked hypertension for developing adverse CV 
outcomes was significantly higher than normotensive, and also comparable to the 
risk observed in the population of individuals with white-coat hypertension (HR 
2.03 and HR 2.09, respectively) [10].

In a meta-analysis enrolling 13,526 patients from 8 studies, masked hypertension 
was confirmed to be associated with worse CV prognosis, both if evaluated through 
ABPM (HR 2.0, 95% C.I. 1.54–2.60) and through HBPM (HR 2.13, 95% C.I. 1.35–
3.35, Fig. 32.6) [9]. At present, however, there are no convincing evidences support-
ing the prognostic superiority of masked hypertension as diagnosed by ambulatory 
24 h or home BP.

Masked hypertension was associated with a worse CV outcome even among 
diabetic subjects and among patients with chronic kidney disease. In a subpopula-
tion of 229 untreated diabetics from the IDACO study, the risk of CV events asso-
ciated with masked hypertension tended to be higher than the risk associated with 
normotension (HR 1.96, p = 0.059), and was on the same degree of the risk associ-
ated with grade-1 hypertensives (HR 1.07, p = 0.82) [37]. In a group of 588 patients 
with non-dialysis chronic kidney disease undergoing office and 24 h BP evalua-
tion, individuals with masked hypertension (20.6% of the entire cohort) showed 
increased risk of cardiac and cerebrovascular events, total mortality and renal 
events, although the relative low sample size is a limitation to the generalizability 
of results [39].
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32.7	 �Treatment Strategies in Prehypertension  
with Masked Hypertension

We previously speculated that subjects with masked hypertension are at increased 
risk of developing intermediate target organ damage and overt cardiovascular 
events. From a theoretical standpoint, individuals with masked hypertension might 
benefit from an effective pharmacologic antihypertensive approach aimed at reduc-
ing the increased BP load. Moreover, subjects with masked hypertension are often 
exposed to additional cardiovascular risk due to the increased prevalence, within 
their clinical phenotype, of diabetes, chronic kidney disease, and obstructive sleep 
apnoea. Therefore, the optimal strategy for CV risk reduction should take into 
account the effective management of concomitant conditions.

Unluckily, to date there is no substantive evidence, either on intermediate out-
comes or on hard endpoints, supporting the efficacy of drug treatment for masked 
hypertension. Moreover, there is no demonstration that drug treatment in patients 
with masked hypertension will provide a relative risk reduction consistent with that 
observed in subjects with sustained hypertension. Despite reasons supporting treat-
ment of masked hypertension appear rational, it should be remembered that masked 
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hypertension is a poorly reproducible condition. Therefore the risk of overdiagnosis 
and overtreatment should be thoroughly considered and monitored. Another issue 
fuelling the controversy on how this condition should be diagnosed and managed 
depends on whether the definition should be based on home or 24 h BP, daytime or 
night-time (or both) BP thresholds. This is another “grey area” in urgent need of 
sound evidence.

The European Guidelines for the Management of arterial hypertension add more 
uncertainty to the field, since the recommendation to treat subjects with masked 
hypertension with both lifestyle measures and antihypertensive drugs has been 
reported with the class of recommendation IIa (Weight of evidence/opinion in 
favour of usefulness/efficacy) and the lowest level of evidence (grade C, corre-
sponding to expert opinion and result from small studies or registries) [61].

There are at least two planned prospective studies aiming to provide definitive 
answers to these questions. The first trial, which is named “MASked and masked-
unconTrolled hypERtension managed based on office BP or out-of-office BP 
measurements” (MASTER) Study, is a prospective, randomized, blinded-end-
point (PROBE design) study, which will randomize participants to an office 
BP-guided treatment or to an ABPM- or Home BP-guided treatment (registered 
at clinicaltrials.gov as NCT02804074). The study will explore if tailoring of anti-
hypertensive treatment based on office or out-of-office BP will be associated 
with a different incidence in intermediate outcomes, including cardiovascular 
and renal endpoints (LV mass and albumin/creatinine ratio) at 1 year, a different 
occurrence in cardiovascular events during a period of 4 years, and changes in a 
number of BP-related variables through the study. The planned sample size of 
study is set at 1240 subjects to be recruited in 30 centres, taking into account a 
dropout rate of 15%.

A second study with similar aim will assess whether antihypertensive treatment 
in masked hypertension will be associated with a conversion to the controlled 
hypertension category. The study also aims to explore the effect of drug treatment 
of masked hypertension on the occurrence of target organ damage, such as left ven-
tricular hypertrophy and proteinuria (registered at clinicaltrials.gov as 
NCT02142881). The study is planned to collect data for the primary outcome mea-
sure by December 2018.

�Conclusions
The need for an out-of-office evaluation in patients with prehypertension is justi-
fied by the likelihood to detect masked hypertension, a condition characterized 
by sustained increased BP load and a higher probability of target organ damage. 
Masked hypertension is frequent among prehypertensive subjects, and its preva-
lence increases with office BP. A clinical phenotype characterized by male gen-
der, increased BP response to physical and mental stressors, obesity, diabetes, 
metabolic syndrome, smoking, and obstructive sleep apnoea is often associated 
with masked hypertension. In these subjects, an out-of-office BP evaluation can 
be justified.
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The prevalence and reproducibility of masked hypertension is critically 
dependent from the cut-off BP levels adopted for the diagnosis. At present, there 
are at least four BP combinations (daytime BP, night-time BP, 24 h BP and home 
BP) proposed for the diagnosis of masked hypertension. Longitudinal outcome 
studies are needed to compare of the specific prognostic implications of each of 
these categories.

There is general consensus that subjects with masked hypertension and 
patients with sustained hypertension share a similar relative risk of CV events. 
This holds for Grade I hypertension confirmed at the out-of-office BP evaluation. 
Studies relying on home-BP measurement for the diagnosis of masked hyperten-
sion are consistent. There is urgent need of ad hoc designed prospective studies 
to ascertain the hypothesized beneficial effects of treating masked hypertension 
with lifestyle intervention measures and/or antihypertensive medications.
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33Sympathoadrenal Reactivity to Stress 
as a Predictor of Cardiovascular Risk 
Factors

Arnljot Flaa, Morten Rostrup, Sverre E. Kjeldsen, 
and Ivar Eide

33.1	 �Introduction

Hypertension is an independent cardiovascular risk factor, but is also strongly 
associated with other risk factors like obesity, insulin resistance, and dyslipidemia. 
We have for many years focused on the pathophysiology underlying these conditions 
in young, healthy subjects with special attention to the sympathoadrenal system. 
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Since the 1980s we have selected young men according to their blood pressure at the 
military draft screening for laboratory examinations, and have demonstrated an 
association between blood pressure and hyperreactivity to mental stress (intense 
arithmetical calculations) [1]. Moreover, the apparently consistent covariation 
between sympathoadrenal activity on one side and total cholesterol, high density 
lipoprotein (HDL), insulin resistance, left ventricle mass, and platelet activation on 
the other [2, 3] lead to the interest in sympathoadrenal hyperreactivity to mental 
stress as a possible important predictor of future cardiovascular risk factors.

33.1.1	 �The Sympathoadrenal System

The autonomic nervous system regulates body functions in general without our con-
sciousness, and its main goal is to maintain homeostasis in the body. It consists of the 
sympathoadrenal and parasympathetic nervous system. The central regulation of the 
autonomic nervous system is extremely complex, where the hypothalamus acts as a 
control center. It receives afferent signals from the body in addition to stimulation 
from the limbic system and the cortex. The efferent signals are mediated direct and 
indirect to the preganglionic neurons. These preganglionic axons leave the central 
nervous system via cranial nerves or ventral roots to synapse in specialized ganglia 
with the postganglionic nerves that innervate the target organs. Most organs are regu-
lated by both systems, and they are mainly regulated in a reciprocal manner [4].

The peripheral sympathetic nervous system originates in the spinal cord at the 
level of T1-L2, where the preganglionic neurons are located in the intermediolateral 
cell column (see Fig. 33.1). These preganglionic nerves travel a short distance and 
enter the sympathetic ganglia, mainly arranged in two chains located alongside the 
vertebral bodies. The sympathetic ganglionic chains extend from the cervical to the 
sacral region, and the short preganglionic nerves enter the chain and make a synapse 
with the postganglionic nerves, which reach the effector organs. Some pregangli-
onic fibers do not synapse in the sympathetic chains but terminate in separate cervi-
cal or abdominal ganglia, and some even synapse directly with chromaffin cells in 
the adrenal medulla [5].

The sympathetic postganglionic nerves are widely distributed in the blood vessel 
walls and in most organs, especially the heart, spleen, and salivary glands. 
Sympathetic activation increases the heart rate, cardiac output, and blood pressure, 
and redistributes the blood by constricting or dilating arterioles in the skin, splanch-
nic organs, and skeletal muscle. Moreover, pupils are widened, bronchi are dilated, 
and sphincters constricted. Metabolic changes include mobilization of fat and gly-
cogen [5]. The effect may be highly differentiated. Preganglionic activation of the 
adrenal medulla, on the other hand, leads to secretion of adrenaline and noradrena-
line into the circulation, thus producing a far-reaching hormonal effect instead of 
the local effect made by the sympathetic nerves [4].

The catecholamines act predominantly on adrenergic receptors, located in the 
membrane of the effector cells. The different effects of the various catecholamines 
on the heart and smooth muscle cells are caused by different types of adrenoceptors, 
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of which there are two groups, the α- and the β-receptors, and at least five different 
subtypes [5]:

•	 α1-Adrenoceptor is located in smooth muscle, particularly in blood vessels in the 
skin and the gastrointestinal system. The principal effect of stimulation of these 
receptors in blood vessels is vasoconstriction.

•	 α2-Adrenoceptor is a pre- and postsynaptic receptor, and mediates synaptic 
transmission.

•	 β1-Adrenoceptor stimulation in the heart increases the contractility and heart 
rate, while stimulation of these receptors in the juxtaglomerular cells in the kid-
neys results in renin release, augmenting the conversion of angiotensin II.

•	 β2-Adrenoceptors are mainly situated in the vascular and bronchial smooth mus-
cles, where agonists dilate the vessels and bronchi.

•	 β3-Adrenoceptors mediate lipolytic and thermic responses in brown and white 
adipose tissue [6]. In the heart, they are believed to have the opposite effect to the 
other β-adrenoceptors, and their negative inotropic effects might play a role as a 
“safety-valve” during intense adrenergic stimulation. In vessels, they mediate 
vasodilatation [7].

We use the term “sympathoadrenal system” and not “sympathetic system” to 
emphasize the fact that the sympathoadrenal system consists of two different ele-
ments which not necessarily act as a unit [8]. Due to the highly differentiated activ-
ity in different parts of the sympathetic system, activity in the adrenal medulla may 
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show reciprocal alterations compared to measurements of overall sympathetic activ-
ity, even though medullary activity is stimulated by preganglionic sympathetic 
nerves. The sympathoadrenal system is probably most known for the ability to pre-
pare the body for fear, flight, and fight situations, but it also participates in several 
other settings like cold exposure, eating, standing up, sexual activity, and pain. 
These different settings involve differentiated patterns of sympathoadrenal activity. 
Still, we use the expression “sympathoadrenal activity” although it is not a strictly 
defined term.

33.1.2	 �Sympathoadrenal Activity and Development 
of Cardiovascular Disease

The first report suggesting an association between transient tachycardia and devel-
opment of hypertension was published in 1945 [9]. Levy et al. followed 22,741 US 
army officers from 1 to more than 25 years and found that subjects with a heart rate 
of 100 beats per minute or above had increased risk of developing sustained hyper-
tension. Likewise, they found that sustained hypertension developed more fre-
quently in those with previous transient hypertension than in those who never 
showed an elevation of blood pressure [10]. Although heart rate is dependent on 
both parasympathetic and sympathoadrenal activity, there are close correlations 
between heart rate and indices of sympathetic activity like electric activity in sym-
pathetic fibers and noradrenaline plasma concentrations [11], and these early reports 
indicated that increased sympathoadrenal reactivity could be a causal factor in 
hypertension.

The sympathoadrenal system affects the function of nearly all the internal organs 
of the body and represents an important tool for the central nervous system to main-
tain homeostasis during acute and chronic changes in the physiological state [12]. 
However, chronic inappropriate activations over time are thought to initiate and 
accelerate cardiovascular disease [13]. The simplified overview in Fig. 33.2 illus-
trates the complex relations between sympathoadrenal activity and development of 
cardiovascular disease.

The metabolic syndrome is a clustering of risk factors linked to cardiovascular 
morbidity and mortality [14], and there is a positive relationship between the cardio-
vascular risk and the number of components of the metabolic syndrome that is pres-
ent [15]. There are several definitions of the metabolic syndrome, but the usual risk 
factors included in the definitions are visceral obesity (increased waist circumfer-
ence), elevated triglycerides, reduced HDL, insulin resistance, and high blood pres-
sure [16, 17]. One theory is that lipolysis in excessive visceral adipose tissue 
accompanying obesity is the key feature of the metabolic syndrome. Other possible 
underlying mechanisms behind the syndrome are insulin resistance, atherogenic dys-
lipidemia, and chronic low grade inflammation [18–20]. There seems to be, however, 
consensus that insulin resistance is perhaps the most important pathophysiological 
feature of the metabolic syndrome, leading to increased secretion of insulin and 
hyperinsulinemia, which may account for all the changes in the metabolic syndrome 
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[15]. Then the question arises: “What causes insulin resistance?” Data indicate that 
sympathoadrenal hyperactivity may in fact constitute the “core” of the metabolic 
syndrome, and the above mechanisms may be explained by a common pathogenic 
background in the sympathoadrenal system (Fig. 33.3) [21, 22]. This hypothesis is 
based on three findings [15]:

	1.	 Sympathetic activity reduces insulin sensitivity, probably through hemodynamic 
and possibly cellular effects.

	2.	 Several components of the metabolic syndrome are accompanied by increased 
activity in the sympathoadrenal system.

	3.	 Sympathoadrenal activity is able, directly or indirectly, to favor the development 
and progression of organ damage associated with the metabolic syndrome.

33.1.2.1	 �Sympathoadrenal Activity and Hypertension
There is much uncertainty about the pathophysiology of essential hypertension, and 
there are probably a large number of factors contributing to the elevated blood pres-
sure [23]. One possible cause may be alterations in the autonomic nervous system, 
which plays an important role in the normal physiological regulation of pressure.

Several cross-sectional studies demonstrate increased sympathetic activity 
among hypertensives compared to normotensives [24–27], and about 30% of young 
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subjects with borderline hypertension have a hyperkinetic circulation with tachycar-
dia, high cardiac output and elevated noradrenaline levels in plasma, while the total 
peripheral resistance is fairly normal [28, 29]. Data indicate that some of the sym-
pathoadrenal activation in young hypertensives may be due to the awareness of 
hypertension [30–32]. These subjects differ from older patients with established 
hypertension, who show a hemodynamic pattern characterized by normalization of 
the cardiac output and an elevated total peripheral resistance [29]. In other words, 
there seems to be a hemodynamic transition from a hyperkinetic state to increased 
total peripheral resistance. There are at least two main hypotheses behind this find-
ing. The theory of autoregulation proposes that increased intravascular volume and 
increased cardiac output will lead to an over-perfusion, exceeding the metabolic 
needs of the tissues. To maintain normal perfusion, the total vascular resistance 
would increase [33]. Julius, however, claims there is no evidence of volume expan-
sion in hyperkinetic hypertension [28]. Furthermore, the cardiac output does prob-
ably not exceed the metabolic need. As data indicate that increased sympathetic 
activity may reduce chronotropic and inotropic β-adrenergic responsiveness, he 
therefore suggests that the responsiveness in the heart decreases, involving down-
regulation of β-adrenergic receptors, while in the vascular beds the responsiveness 
increases during the course of hypertension, due to structural changes in the arterio-
lar wall described by Folkow [34]. This could lead to the observed normalization of 
cardiac output accompanied by increase of vascular resistance (Figs. 33.4 and 33.5).

The reason why activity in the sympathetic nervous system eventually decreases 
with age is not known, but one possible explanation could be that as total peripheral 
resistance increases due to structural changes, less sympathetic activity is needed to 
maintain a certain level of blood pressure [35].

As most of the studies on sympathoadrenal activity and hypertension have been 
cross-sectional, the data do not allow any causal conclusions. There are only a few 
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available prospective longitudinal studies assessing the predictive power. Bohm 
et al. found higher resting noradrenaline concentration at rest in subjects who devel-
oped hypertension, compared to those who remained normotensive or borderline 
hypertensive [36]. Another study found that mental stress-induced blood pressure 
responses together with plasma noradrenaline response to bicycle ergometry and 
psychological factors were relatively weak predictors of future blood pressure clas-
sification over 2.5 years [37]. Finally, Masuo et al. demonstrated that resting nor-
adrenaline concentration was a predictor of mean blood pressure increase over 5 
years in Japanese subjects [38].

33.1.2.2	 �Sympathoadrenal Activity and Obesity
Genetic factors may account for 25–40% of the variability in human body weight 
[39], and the sympathoadrenal system and β-adrenergic receptors are thought to 
play an important role [40–42]. However, whether alterations in the sympathoadre-
nal system contribute to obesity or, rather, are consequences of it, is still an unre-
solved issue [43]. There has been an intense debate on the relationship between 
obesity and the sympathoadrenergic system. At the beginning of the 90s, based on 
urine catecholamines in cross-sectional studies, there was a consensus of a reduced 
activity in the sympathetic nervous and adrenal medullary system in obesity. 
However, more sophisticated and accurate methods such as sympathetic nerve 
recording techniques and isotope dilution methodology measuring noradrenaline 
release from sympathetic nerves, later demonstrated that human obesity was, in 
fact, accompanied by an activation of the sympathetic nervous system, which was 
believed to be an adaptation to the increased weight [42].

Few longitudinal studies have addressed this issue. Tataranni et al. studied 44 
Pima Indians over a period of 3.3 years and found that urine adrenaline and nor-
adrenaline excretion rates correlated negatively with changes in waist-to-thigh cir-
cumference ratio and body weight, respectively [44]. Masuo et al. on the other hand, 
found resting plasma noradrenaline to be a positive predictor of changes in body 
mass index (BMI) over a 5-year period in 433 Japanese subjects [38]. Hence, the 
available data are contradictory, and the follow-up periods are short.

33.1.2.3	 �Sympathoadrenal Activity and Insulin Resistance
Insulin is a powerful determinant of sympathetic activity. Fasting suppresses [8] and 
overfeeding stimulates [45] the sympathetic nervous system through insulin-medi-
ated signals, in order to regulate diet-induced thermogenesis [46]. Landsberg 
hypothesized in 1986 that insulin-stimulated sympathetic activity in obese subjects, 
which is supposed to increase thermogenesis and thereby energy production and 
weight reduction, would unintendedly increase blood pressure, explaining the clus-
tering of obesity, insulin resistance, hypertension, and increased sympathetic activ-
ity in the metabolic syndrome [47]. Likewise, Reaven et al. asserted that insulin 
resistance and hyperinsulinemia are the primary events, with subsequent enhance-
ment of the sympathetic activity [48]. Julius, among others, postulated on the other 
hand that insulin resistance follows changes in muscle blood flow based on a raised 
activity in the sympathetic nervous system as the primary cause [49]. Sympathetic 

A. Flaa et al.



501

vasoconstriction may induce insulin resistance by decreasing the number of open 
capillaries in the skeletal muscles. To compensate for hyperglycemia caused by 
decreased glucose extraction, the pancreas secretes more insulin.

The fact that insulin resistance and sympathetic activity are related in a positive 
feedback fashion leading to their reciprocal reinforcement [50] makes it difficult to 
identify which of the two precedes the other. Although there have been a large num-
ber of studies addressing this issue, the cross-sectional design of the studies has 
made it difficult to solve the “chicken-and-egg” puzzle. Only one longitudinal study 
has been performed prior to our study, and they demonstrated that the sympathetic 
activity seemed to precede hyperinsulinemia through a 10-year follow-up in 
Japanese subjects [51].

33.2	 �Aims

Based on our previous observations, we hypothesized that resting blood pressure 
was related to arterial plasma catecholamines, cardiovascular and sympathetic 
reactivity, and cardiovascular risk factors in a cross-sectional study in young men 
with low, normal, and high blood pressure who were unaware of their blood pres-
sure status [52]. In a follow-up study over 18 years, we hypothesized that initial 
sympathoadrenal reactivity to stress at 19 years of age was related to the develop-
ment of future cardiovascular risk factors such as (a) blood pressure [53], (b) obe-
sity [54], and (c) insulin resistance [55]. Furthermore, we examined whether 
reactivity to the cold pressor test and the mental stress test differed in predictive 
power [53–55].

33.3	 �Subjects and Methods

33.3.1	 �Subjects

The data for the cross-sectional study [52] was collected in 1986–1989. All subjects 
were initially selected from the military draft procedures in 1986 and 1987, which 
is compulsory to all young men in Norway. In 1986 the number of screened subjects 
was 3861, while 4123 were screened in 1987. Blood pressure measurements on all 
the subjects attending in Oslo were undertaken once after 5 min of sitting. Mean 
blood pressure was thereafter calculated as diastolic blood pressure + pulse pres-
sure/3. None of the subjects were informed about the results of the blood pressure 
recordings at this stage, to avoid effects of hypertension labelling on responses to 
the forthcoming stress tests [30, 31]. We have previously published a cross-sectional 
study on subjects with low, normal, and high screening blood pressure and demon-
strated a clear tendency of normalization of the blood pressure in the high blood 
pressure group when reexamined after 30 min of rest in our laboratory [32]. Thus, 
in order to secure and reassess differences in resting blood pressure [52], the sub-
jects were reexamined in our laboratory on a separate day before final inclusion. 
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Subjects belonging to the 98th to 99th percentile of the military screening blood 
pressure distribution were included if the mean blood pressure at reexamination 
exceeded the population blood pressure + 1 SD. Subjects of the 50th percentile were 
included if their mean blood pressure was within mean screening blood pressure ± 1 
SD. Subjects of the 1st percentile were included if their mean blood pressure was 
lower than mean screening blood pressure −1 SD. As these data were not published 
immediately after the examination, we published them at the time of reexamination 
18 years later.

In the follow-up study performed in 2005–2006 [53–55] we selected subjects 
from the 1st percentile, the 50th percentile, and the 95th–99th percentiles of the 
mean blood pressure distribution of the initial military screening, some of them 
were also included in the previous analyses [52]. All were previously healthy and of 
Caucasian origin except one who was half Asian and half Caucasian. 99 of the sub-
jects from entry had satisfactory examinations and were suitable for follow-up. Out 
of these, 81 (82%) subjects were available for examination at follow-up, and a total 
of eighteen were not reexamined; one was excluded due to probable i.v. drug addic-
tion, two lived abroad and were not able to attend, four did not answer any letters or 
calls, and eleven did not want to participate. The subjects that were not eligible for 
follow-up did not differ from eligible subjects in resting blood pressure, heart rate, 
BMI, waist circumference, or catecholamine stress responses at entry. One subject 
who was reexamined had ulcerative colitis and had to be excluded from further 
analyses due to a previous colectomy and an excessive intake of water and salt. At 
follow-up, 21 subjects (25.9%) reported having one or more of the following dis-
eases: hypertension (9 subjects), hypercholesterolemia [12], diabetes mellitus [3], 
and previous myocardial infarction [1]. Eight of these subjects used one or more of 
the following medications regularly: angiotensin receptor blockers [3], β-blockers 
[3], ACE inhibitor [1], statins [2], antidiabetics [3], and acetylsalicylic acid [1] 
(Fig. 33.6).
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33.3.2	 �Methods

33.3.2.1	 �Blood Pressure Measurements
Screening measurements at military draft procedures in 1986 and resting measure-
ments in the laboratory were determined by an automatic auscultatory device (Boso-
digital II S, Bosh & Sohn GmbH u Co, Jungingen, Germany) validated against a 
sphygmomanometer, and a hidden printer, to serve as an unbiased measurement. 
However, the diastolic blood pressure distribution of the 3861 men at screening was 
skewed to the left, suggesting an underestimating in some subjects. Thus, in 1987 
we decided to use a standard sphygmomanometer.

Blood pressures during the stress tests in the laboratory at entry were monitored 
directly by a canula in the brachial artery of the nondominant arm. All subjects were 
unaware of their blood pressure status, previously shown to be a confounding factor 
[1, 30, 31].

At follow-up, resting blood pressure was measured three times with a mercury 
sphygmomanometer on the left arm after at least 15 min of sitting, and was calcu-
lated as mean of the last two measurements.

33.3.2.2	 �Plasma Catecholamines
Arterial plasma catecholamines were measured by a radioenzymatic technique [56, 
57] as previously reported [24, 31]. All the blood samples were analyzed by the 
same technician at entry and at follow-up. The assay has been used for over 20 years 
in our laboratory, and is also precise at low plasma concentrations.

33.3.2.3	 �Insulin Resistance
Insulin resistance at follow-up [55] was quantified using the homeostasis model 
assessment for insulin resistance (HOMA-IR). HOMA-IR was calculated in fasting 
conditions as serum glucose (mmol/L) multiplied by serum insulin (pmol/L) and 
divided with 135, as described by Matthews et al. [58].

33.3.2.4	 �Stress Tests
Stress tests are designed to examine autonomic responses to different stimuli. We used 
three stress tests in the present work to activate the sympathoadrenal system. We sam-
pled plasma catecholamines and measured blood pressure and heart rate before, dur-
ing, and after the stress tests. The response to stress was defined as the mean values 
during the tests minus the baseline value or the absolute value during the tests [53].

Mental Stress Test
The mental arithmetic stress test has been widely used. In our studies, the subjects were 
asked to subtract the number “13” repetitively starting from “1079” for 5 min, while a 
metronome made noise at a frequency of 2 Hz. The subjects had to calculate loudly, 
and feedback was given at any miscalculation. Mental stress test is known to elicit a 
fight and flight reaction, and is a classic example of a β-adrenergic response, where the 
increased blood pressure is mediated primarily via an increase of cardiac output [59, 
60]. Total peripheral resistance shows little change during the test (Fig. 33.7).

33  Sympathoadrenal Reactivity to Stress as a Predictor of Cardiovascular Risk Factors



504

Cold Pressor Test
Hines and Brown introduced this test in 1932 [61], where one hand is completely 
immersed in ice water (0–2 °C) for 1–6 min. We used 1 min in our studies. In 
contrast to the mental stress test, the cold pressor test elicits a response that is 
predominantly mediated by α-adrenergic vasoconstriction [60]. This means that 
the observed increase in blood pressure mainly is due to an increased total periph-
eral resistance.

Orthostatic Test
The subjects were asked to stand up for 2 min from the supine position for the ortho-
static stress test [52]. After standing up, pooling of the blood takes place in the legs. 
A transient reduction in cardiac output elicits a reflex increase in sympathetic activ-
ity [62].

Statistics
The data were analyzed using the statistical package SPSS version 12.0 [52] and 
14.0 [53–55] for Windows (SPSS Inc., Chicago, IL). Parametric tests were used for 
normally distributed data and nonparametric when normality was not achieved by 
natural log transformation.

Fig. 33.7  Work sheet and 
metronome used during 
mental stress testing of 
young men
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One way analysis of variance (ANOVA) with trend analysis or Kruskal-Wallis test 
was used to compare differences between the initial screening groups [52]. 
Subsequent Student’s t-tests without adjustments were carried out if there was any 
significant group interaction. The effect of stress tests on blood pressure and plasma 
catecholamines was additionally analyzed by repeated-measures ANOVA, and group 
differences were analyzed by effect*group interaction, with subsequent t-tests [52].

Associations between continuous variables were assessed using Pearson’s correla-
tions or Spearman’s rank correlation, while Chi-Square testing with linear-by-linear 
association was used for dichotomous. In order to adjust for possible confounders, linear 
regression analysis was performed. Due to a large number of univariate correlation anal-
yses [53], the Bonferroni correction was used to reduce the risk of Type 1 errors.

Paired samples T-tests or the Wilcoxon test were used to analyze possible changes 
in normally distributed continuous variables from entry to follow-up [53–55], while 
categorical variables were analyzed by sign test.

33.4	 �Results

33.4.1	 �Cross-Sectional Associations Between Resting Blood 
Pressure and Sympathoadrenal Activity and Stress 
Reactivity

Differences in resting blood pressure among the 19-year-old men were reflected by 
a similar pattern in both arterial adrenaline and noradrenaline concentration at rest. 
Mental stress test, cold pressor test, and orthostatic test evoked significant cardio-
vascular and catecholamine responses in all blood pressure groups [52]. However, 
mental stress test was the only test that induced differential responses between the 
three blood pressure groups, where the high blood pressure group showed the most 
and the low blood pressure group the least pronounced response in blood pressure, 
heart rate, and plasma catecholamines [52]. The present study also showed that 
lower blood pressure was associated with a better lipoprotein profile and a lower 
fructosamine concentration and waist-hip ratio (Fig. 33.8).

33.4.2	 �Sympathoadrenal Reactivity as a Predictor  
of Future Blood Pressure

The adrenaline and noradrenaline concentrations during mental stress test were sig-
nificant predictors of future systolic blood pressure, while the plasma catecholamine 
levels at rest and during the cold pressor test did not show significant associations 
with later blood pressure [53]. Together, in the multiple regression model, adrena-
line and noradrenaline levels during mental stress explained 12.7% of the variation 
of future systolic blood pressure [53], after adjusting for resting blood pressure, 
family history, BMI at entry, and systolic blood pressure during stress (Adj.R2 for 
the whole model: 0.65) (Fig. 33.9).
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33.4.3	 �Sympathoadrenal Reactivity as a Predictor  
of Future Body Fat

The adrenaline response to mental stress was negatively related to changes in BMI 
and waist circumference during the follow-up in univariate analyses [54]. In supple-
mentary multiple regression analyses, the adrenaline response was a highly consis-
tent negative predictor of future BMI, waist circumference, and triceps skinfold 
thickness after adjusting for exercise level and initial BMI, waist circumference, or 
triceps skinfold [54]. The noradrenaline response to mental stress was a weak posi-
tive predictor for future waist circumference, and did not significantly predict BMI 
and triceps skinfold thickness [54]. None of the other adrenaline or noradrenaline 
parameters during rest or cold pressor test were significantly related to changes in 
BMI, waist circumference, or triceps skinfold thickness (Fig. 33.10).
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33.4.4	 �Sympathoadrenal Reactivity as a Predictor of Future 
Insulin Resistance

The noradrenaline response to the cold pressor test was positively related to fasting 
plasma glucose and HOMA-IR at follow-up in univariate analyses [55]. In the mul-
tiple regression analyses, the noradrenaline response was an independent positive 
predictor of HOMA-IR [55]. There were no significant associations with plasma 
catecholamines at rest or during mental stress (Fig. 33.11).

33.5	 �Discussion

33.5.1	 �Methodological Aspects

33.5.1.1	 �Subjects
The participants were recruited from the military draft procedures in Oslo, securing 
a homogenous sample of subjects at the same age, race, and gender, thus reducing the 
biological and statistical variance. However, this advantage also implies a limited 
ability to generalize the present results to older subjects, other ethnicities and women.

We did not include a randomized sample from military screening, but rather a 
stratified selection which leads to an overrepresentation of subjects with extreme 
low and high blood pressure. However, we had a moderate sample size due to our 
resource demanding invasive examinations, and the blood pressure criteria ensured 
a satisfying dispersion of the blood pressure range, which makes it easier to demon-
strate relationships.

The military blood pressure screening was based on one blood pressure record-
ing in the sitting position after 5 min of rest. These measurements involve elements 
of both rest and stress, and are not fulfilling the normal guidelines on blood pressure 
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measurements. It may be questioned whether one screening blood pressure value is 
representative for the subject’s true blood pressure level, as current guidelines rec-
ommend several measurements taken over separate occasions over a period of time, 
due to spontaneous variations both during days and between days [63]. Nevertheless, 
blood pressure was determined according to the guidelines later in laboratory on the 
selected individuals, ensuring resting conditions.

We compared the three blood pressure groups on their response to the three dif-
ferent stress tests in a cross-sectional study [52]. The selection procedure (military 
enlistment) may be regarded as a psychological stress situation, raising the question 
whether subjects with high blood pressure were partly preselected to respond vigor-
ously to the mental stress test. However, there is evidence that hypertension and 
high normal blood pressure are associated with increased cardiovascular and sym-
pathoadrenal reactivity to mental stress compared to physical stress, such as ortho-
static and cold pressor test [64]. The sample groups were rather small in this study 
(n = 15, 15 and 13 in the low (gr. 1), normal (gr. 2) and high blood pressure group 
(gr. 3), respectively), and the lack of significant findings during the cold pressor test 
and orthostatic test could be due to insufficient power. However, the statistical 
power to detect a similar difference during cold pressor test and orthostatic test as 
during mental stress test was above 80% for adrenaline, noradrenaline, mean blood 
pressure and heart rate between gr. 1 and 3, indicating sufficient sample sizes.

At follow-up [53–55], we were able to analyze 80 subjects of the original 99 at 
entry. This is a remarkably high attendance rate after so many years, and the fact that 
subjects not eligible for follow-up had similar resting blood pressure, heart rate, 
BMI, waist circumference, and catecholamine stress responses at entry as the 80 
eligible subjects, decreases the risk of sample bias. Due to certain diseases among the 
subjects at follow-up, analyses and interpretations were performed with precautions. 
When examining development of blood pressure, we excluded five subjects using 
blood pressure lowering treatment. β-Blockers may affect body weight, but including 
this parameter in the analyses of weight development did not alter the results, and we 
chose to remove the variable from the final analyses as there were only three subjects 
using them. Regarding development of insulin resistance, some would possibly argue 
that the three subjects with type 2 diabetes should be excluded from the analyses. 
However, they represent a true and important part of the blood glucose distribution in 
the population. Furthermore, they took oral antidiabetics, and as none of them took 
insulin, HOMA-IR was a suitable measure of insulin resistance in these subjects.

According to the selection procedure at entry, we could have assessed the preva-
lence of the various risk factors at follow-up in the three original blood pressure 
groups. Even though there are close cross-sectional relationship between these 
groups and catecholamine levels as demonstrated [52], we chose to focus our atten-
tion on the cardiovascular and catecholamine parameters independently of the ini-
tial blood pressure groups, making it possible to study the various components of 
the sympathoadrenal system during rest and stress tests in more detail. Moreover, 
even though they originally represented three different groups of blood pressure at 
screening, their blood pressure showed a normal distribution when reexamined in 
laboratory due to the regression to the mean.
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33.5.1.2	 �Reproducibility and Generalizability of Stress Tests
There are several methods available to test reactivity to stress, and to better stan-
dardize and measure reactivity certain laboratory stress tests have been developed. 
Test-retest reproducibility varies, but stability has been found to increase when the 
number of measurements during stress tests increases [65]. Due to continuous intra-
arterial blood pressure and heart rate monitoring during the stress tests, we were 
able to perform more measurements and calculate the mean during each stress test. 
There are, however, no data available on reproducibility on catecholamine 
reactivity.

Another aspect is whether these tests performed in an artificial setting elicit 
responses which are in correspondence with real life stress. If individual differ-
ences in stress reactivity do not reflect stress responses outside the laboratory, they 
become less plausible as a cause of disease, although they may serve as a risk fac-
tor [66]. The literature on generalizability is inconsistent. Some have observed 
significant correlations between blood pressure reactions to mental stress tests and 
blood pressure variability during waking hours [67] and between systolic blood 
pressure response to cognitive tasks and waking and sleeping systolic blood pres-
sure levels [68]. Others, on the other hand, have found only moderate relation 
between systolic and diastolic blood pressure reactions to several stressors and 
ambulatory systolic blood pressure [69]. One study found that type A and type B 
subjects differed in their heart rate and blood pressure responses to a cognitive task 
while there were no differences in the daily life [70]. van Doornen and van Blokland 
compared responses to two “active coping tasks” and a “passive coping task” (the 
cold pressor test) with the responses while anticipating a strong and well-defined 
stressor: the public defense of their PhD thesis [71]. They found that heart rate 
response to a reaction time task and the cold pressor test added significantly to the 
prediction of real life blood pressure levels and responses more than the prediction 
in the basis of pretask baselines. The clear relationship between screening blood 
pressure and response to the mental stress test [52] indicates that psychological 
stress in our laboratory elicit the same responses as a stress situation in real life like 
the military enlistment.

Duration of Stress Tests
One may speculate whether the duration of the cold pressor test and orthostatic test 
was too short to compare with 5 min mental stress. The cold pressor test lasted for 
1 min in accordance with Hines and Brown, who introduced the test [61]. The peak 
response usually occurs within 30  s. Furthermore, an element of pain gradually 
dominates the test as the duration increases. Regarding the orthostatic test, Gehrking 
et al. have demonstrated a sensitivity of 88% for 1 min, and 99% for 2 min of head 
up tilt for detecting orthostatic hypotension [72]. All three stress tests had signifi-
cant effects on blood pressure, heart rate, and catecholamines, indicating a satisfac-
tory duration. Furthermore, the peak responses in heart rate, adrenaline and 
noradrenaline during mental stress were at 1 min. However, we cannot by certainty 
exclude group differences [52] if the cold pressor and orthostatic test had lasted 
longer.
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33.5.1.3	 �Plasma Catecholamines as Measurements 
of Sympathoadrenal Activation

Plasma catecholamines are together with microneurography preferred tests for ana-
lyzing acute effects of stress tests on the sympathoadrenal system [73]. Arterial 
catecholamine measurements have previously been reported to be a more sensitive 
marker of overall sympathetic activity than venous sampling, and are superior to 
venous catecholamines in separating hypertensive and normotensive groups [24]. 
The sympathetic nervous system shows a differentiated activation pattern according 
to the situation, and there is uncertainty which part of the sympathetic nervous sys-
tem may be the best determinant of weight development. Arterial samples reflect 
better the overall sympathetic activity including spillover from heart and kidney, 
while venous samples for a larger part reflect muscle sympathetic activity. Release 
from muscle sympathetic nerves contributes to approximately 50% of peripheral 
venous noradrenaline [74]. Thus, if sympathetic activity in muscle tissues is the 
most important determinant of future body fat, venous measurements would have 
been preferable, and could possibly explain the weak associations between nor-
adrenaline activity and weight development compared to adrenaline that we found 
[54]. However, there are no indications that muscle sympathetic activity is crucial in 
this regard. Clinically, fat tends to deposit centrally and the sympathetic stimulation 
of visceral areas is better reflected through arterial sampling. Likewise, regarding 
the prediction of insulin resistance, venous samples could possibly have demon-
strated an even better relationship between cold pressor responses and future insulin 
resistance than the findings of the present study, if one assumes that sympathetic 
activity to skeletal muscles is of most importance [55].

Regarding the adrenal medulla, arterial sampling is far better than venous when 
assessing the activity since about 50% of adrenaline is taken up by peripheral tis-
sues. Arterial concentrations are thus higher and more precisely determined than 
venous (Fig. 33.12).

33.5.1.4	 �Insulin Resistance and Obesity
Insulin resistance was measured by HOMA-IR [55], in addition to fasting plasma 
glucose. HOMA-IR has been compared with the gold standard euglycemic hyperin-
sulinemic clamp, and was found to correlate in normal subjects (r = 0.83, p < 0.01) 
and even better in diabetic subjects (r = 0.92, p < 0.0001), indicating that HOMA-IR 
is valid also among diabetic subjects [58]. Unfortunately, at entry we only had infor-
mation on fasting plasma glucose and were not able to determine HOMA-IR.

Traditionally, BMI has been used as a surrogate marker to assess the degree of obe-
sity. Overweight and obesity is defined by the World Health Organization as BMI ≥ 25 
and ≥ 30, respectively [75]. In recent years intra-abdominal adiposity, measured as 
waist circumference, has been shown to be an important risk factor for cardiovascular 
disease [76], and the health risk is increased compared to general obesity measured 
with BMI [77]. The third body fat parameter used [54] was triceps skinfold thickness, 
a measure of subcutaneous fat. Even though this examination is more dependent on the 
examiner than the two previous, we included all three parameters in our analyses in 
order to demonstrate the very consistent pattern of our findings.
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33.5.1.5	 �Statistics
The major part of the statistical analyses [53–55] was based on parametric tests for 
normally distributed data. However, the subjects represented three separated groups 
representing significantly different blood pressures at military screening. One may 
thus question the use of linear regression analyses on this sample. It turned out, 
however, that the extreme blood pressure values at screening normalized when reex-
amined in the laboratory, probably due to regression to the mean. Resting systolic 
and diastolic blood pressure ended up as normally distributed, and we chose to 
analyze the sample as a continuous one.

A large number of statistical tests were performed mainly without any correc-
tions for multiple testing, which may increase the risk of Type 1 error. However, 
the main purpose of the studies addressed a limited number of main hypotheses, 
and some of the additional statistical analyses were included in order to compare 
our studies with previous research. We used the Bonferroni correction on the uni-
variate analyses [53]. We believe, however, that this procedure may have led to 
some Type 2 errors. As the significance level was very conservatively set to 
p < 0.001, several of the heart rate and catecholamine variables did not end up as 
significant predictors of future blood pressure, despite a consistent pattern between 
them.

Origin of Venous Plasma Catecholamines
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33.5.2	 �Discussion of Results

33.5.2.1	 �Blood Pressure, Sympathoadrenal Activity, 
and Cardiovascular Risk Factors [52]

Due to a marked regression to the mean, there was in a previous study of ours a 
tendency that subjects with high screening blood pressure came close to normal 
when reexamined in laboratory [1]. To ensure differences in the resting blood pres-
sure, the subjects underwent a second blood pressure examination, where we 
selected only the ones with extreme low and high blood pressure in addition to 
subjects with normal levels. Among these subjects, we found a clear relationship 
between resting blood pressure and arterial plasma catecholamine levels. Even 
though there are several reports of increased catecholamine levels in subjects with 
high blood pressure [78–81], this is the first study demonstrating an association 
between plasma catecholamines and blood pressure within the whole range of rest-
ing blood pressure, by showing that subjects with low blood pressure have decreased 
sympathetic tone compared to normotensives. While awareness of hypertension 
plays a role [30, 31, 56], it cannot explain the whole difference detected in cardio-
vascular and sympathoadrenal reactivity, as the associations demonstrated in our 
study were found in subjects unaware of their blood pressure status, indicating other 
explanations than mere awareness.

The original three screening groups showed a clear differentiation in cardio-
vascular and catecholamine responses to the mental stress test, in contrast to the 
cold pressor and orthostatic test where there were no such differences. There are 
several possible mechanisms explaining hyperreactivity to mental stress [60]: (1) 
Structural changes in the vascular wall or increased receptor sensitivity may 
amplify the pressor effect of catecholamines. However, one would have expected 
a similar hyperreactivity to the orthostatic and cold pressor test if vascular wall or 
receptor properties were the only explanation. (2) Hyperreactivity may be initi-
ated in subcortical structures (hypothalamus and brain stem). The fact that we 
found differences not only in blood pressure and heart rate responses but also in 
catecholamine responses indicates a central origin. (3) The third option is mecha-
nisms located in the cortical areas, as each subject has a different perception and 
reaction pattern. Some have described a “hypertensive personality,” with a ten-
dency to be submissive, to avoid confrontations and to suppress anger. We have 
previously demonstrated that stress reactivity is related to certain personality 
traits like muscular tension, irritability, and detachment [82].

The significant relationships between blood pressure and the cardiovascular risk 
factors triglycerides, HDL, HDL-total cholesterol ratio, fructosamine, and waist-hip 
ratio in our study demonstrate how blood pressure may represent a marker of other 
risk factors, even in young subjects below the age of 20. Likewise, the Tecumseh 
study showed a clear evidence of a worse cardiometabolic profile in young subjects 
with borderline hypertension compared to normotensives [83].

Thus, our data [52] suggests that resting blood pressure reflects both sympathetic 
activity and other cardiovascular risk factors. Furthermore, as high screening blood 
pressure also relates to mental stress responses, it is reasonable to question whether 
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sympathoadrenal responses to mental stress are related to the development of car-
diovascular risk factors.

33.5.2.2	 �Sympathoadrenal Activity and Development of Future 
Cardiovascular Risk Factors [53–55]

The subjects were reexamined in our laboratory 18 years after their first visit. It 
would have been of great interest to assess the predictive power of the initial cate-
cholamine levels regarding future risk of angina pectoris, myocardial infarction, 
stroke, renal failure, diabetes, heart failure, and mortality, but as the mean age was 
37 years at follow-up and organ damage often become evident at a later stage, we 
focused on elements of the metabolic syndrome, which may appear already at a 
young age. In addition to blood pressure, obesity, and insulin resistance, it would 
have been preferable to also present analyses on the association of future dyslipid-
emia, the last component of the metabolic syndrome [84]. However, due to the com-
bination of nonsignificant results and insufficient power, we were not able to draw 
any firm conclusions.

Sympathoadrenal Activity During Rest Conditions Versus Stress Reactivity
Previous longitudinal studies have mainly examined resting plasma catecholamines 
[36, 38, 51] or urinary catecholamines [44] as predictors of future blood pressure, 
obesity, and insulin resistance. However, we did not find any significant associations 
during rest. One reason could be insufficient power, even though we had a larger 
sample size than two of the mentioned studies [36, 44]. Another possible explana-
tion could be the different ethnicities represented in the various studies.

Anyhow, in contrast to these earlier studies, we found that catecholamines during 
stress were better predictors than the variables recorded at rest. Blood pressure at 
follow-up were markedly stronger related not only to catecholamine levels but also 
to blood pressure and heart rate during stress (especially mental stress) compared to 
rest [53]. Earlier findings have showed that casual office [85, 86] and ambulatory 
blood pressures [63, 87] are stronger predictors than the recommended standardized 
office measurements after several minutes of rest [28, 88], and measurements per-
formed during situations involving elements of stress activation may be more useful 
as predictors of future blood pressure than standardized resting measurements [89, 
90]. As for the prediction of weight gain [54] and insulin resistance [55], the stron-
gest predictors were adrenaline response during mental stress and noradrenaline 
during cold pressor test, respectively.

The apparent importance of stress tests may be explained by the excellent ability 
to detect certain characteristics among subjects at risk, due to the special properties 
of the various tests. As an example, regarding weight development [54], mental 
stress is known to induce a more pronounced adrenaline release than the cold pres-
sor test [60] and exerts its effects mainly through activation of β-receptors [48]. 
Thus, the association between mental stress reactivity and prediction of weight gain 
may indicate that reduced stimulation of β-adrenergic receptors plays an important 
role in the development of obesity. A low adrenaline response to mental stress in the 
laboratory possibly also reflects lower adrenaline reactivity during everyday life, 
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including stressful daily activities, thus favoring less β-receptor stimulation and a 
lower metabolic turnover and subsequent weight gain. The cold pressor test, on the 
other hand, seems more appropriate in predicting future insulin resistance [55], as 
this test predominantly acts by increasing the sympathetic activity to peripheral 
arterioles in skeletal muscles and skin. Thus, subjects characterized by elevated 
sympathetic activity to these organs with subsequent vasoconstriction may develop 
insulin resistance through reduced glucose uptake in skeletal muscles [91].

The choice of stress test may also be important in predicting hypertension. A 
large proportion of young subjects prone to develop hypertension are characterized 
by a hyperkinetic circulation [29, 35]. Later, there is a transition from this early 
stage of hypertension development with increased cardiac output and nearly normal 
total peripheral resistance, to the later stage characterized by normalization of the 
cardiac output and increased total peripheral resistance [32, 60]. We found that 
responses to mental stress, which are predominantly β-mediated, may be better pre-
dictors than responses to the cold pressor test in our young cohort. Using the cold 
pressor test in longitudinal hypertension studies may be suboptimal in young sub-
jects, as it elicits an α-adrenergic vascular response more than and a β-adrenergically 
mediated myocardial response [34, 92], and many of these young subjects prone to 
develop hypertension are characterized by the hyperkinetic circulation mediated by 
β-adrenergic receptors.

In contrast to studies on obesity and insulin resistance, much attention has been 
paid to stress testing and prediction of future development of hypertension in longi-
tudinal studies. The reactivity hypothesis states that subjects characterized by ele-
vated stress reactivity show increased cardiovascular risk [93]. One theory is that 
intermittent pressure elevations may lead to structural vascular changes, but attempts 
to produce irreversible, sustained blood pressure elevations purely as a consequence 
of transient elevations in dogs have not succeeded [94, 95]. Another possible link 
between hyperreactivity and development of hypertension is the direct effect of the 
catecholamines. Sympathetic stimulation has proven to be a trophic factor for vas-
cular hypertrophy [96]. Thus, hyperreactive subjects with increased surges of cate-
cholamine concentrations in the plasma may develop hypertrophy of smooth 
muscles in arterioles and increased total peripheral resistance, the hallmark of estab-
lished essential hypertension [97].

Cause or Consequence of Increased Sympathoadrenal Activity?
The relationship between the individual components of the metabolic syndrome is 
complex, and to establish cause and effect in this enmeshed web is extremely diffi-
cult. As mentioned, most of the literature on associations between sympathoadrenal 
activity and blood pressure, obesity, and insulin resistance are based on cross-sec-
tional studies, and long-term follow-up studies are preferable when exploring cause-
and-effect relationships. However, it is important to emphasize that even though we 
have demonstrated that sympathoadrenal reactivity predicts certain features of the 
metabolic syndrome after 18 years, this is not evidence of a causal role in the devel-
opment. Our findings only indicate in what order the events happen, and that there 
are significant associations between them. These associations could be explained by 
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other unknown correlated factors. Another limitation is that we did not have plasma 
insulin measurements at entry [55], making it difficult to decide whether hyperreac-
tive subjects at entry already had developed insulin resistance. Despite these limita-
tions, the fact that the relationships remain significant after adjusting for several 
possible predictors strengthens the role of the sympathoadrenal system as a determi-
nant of future blood pressure, obesity, and insulin resistance.

Apparently, some of the present findings may represent a paradox. Increased 
sympathoadrenal activity predispose to insulin resistance [55]. On the other hand, 
development of obesity seems to be related to a reduced activity in the adrenal 
medulla [54]. However, the association between obesity and insulin resistance has 
been known for many years, and these two cardiovascular risk factors are probably 
reinforcing each other [98]. Wouldn’t it then be plausible that increased sympatho-
adrenal activity lead to both insulin resistance and obesity? It is important to note 
that adrenal medullary activity and overall sympathetic activity may show recipro-
cal alterations [8], and we believe that our findings are compatible with prior knowl-
edge: reduced activity in the adrenal medulla may predict the development of 
obesity, with subsequent increase in sympathetic activity and development of insu-
lin resistance (Fig. 33.4). It should be mentioned that noradrenaline tended to be a 
positive predictor of weight gain in the multiple regression analyses in our study 
[54], perhaps suggesting a more early role of obesity development than suggested in 
Figs. 33.4 and 33.13.

The Sympathoadrenal System and Blood Pressure [53]
The positive relationship in the present long-term study between plasma noradrena-
line concentration during mental stress at entry and systolic blood pressure at fol-
low-up independent of the initial blood pressure level strongly supports an important 
role of increased sympathetic nervous activity in early development of hypertension 
[29]. One may question the importance of our finding as the univariate correlation 
analyses of future blood pressure showed a much stronger relationship with blood 
pressure at entry compared to the catecholamine levels at entry in general. However, 
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as shown in the multiple regression analyses, catecholamine levels may explain a 
remarkable high portion of the variance of future blood pressure after correcting for 
initial blood pressure and other known risk factors. Moreover, catecholamines after 
all are very indirect measures of true sympathoadrenal activity, thus one cannot 
expect too much from the analyses.

The catecholamines during mental stress seemed to have more importance in 
predicting future systolic blood pressure than diastolic blood pressure in the univari-
ate analyses. This may be due to the fact that the β-adrenergic stimulation elicited 
by the mental stress test mostly affects the cardiac output and the systolic blood 
pressure, in contrast to diastolic blood pressure which is more affected by total 
peripheral resistance and plasma volume. However, since there are certain overlaps 
in confidence intervals of the correlation coefficients, we should be cautious to draw 
conclusions.

The underlying pathogenic mechanism behind the possible causal role of the 
sympathoadrenal activity may be that increased sympathoadrenal activity stimu-
lates arteriolar remodeling, increasing the wall-to-lumen ratio, and thereby elevate 
the total peripheral resistance [99, 100]. Additionally, raised sympathetic activity is 
known to increase the blood viscosity [101], which again affects the peripheral 
resistance. Finally, elevated sympathetic tone to the kidneys will stimulate renin 
secretion, leading to the synthesis of angiotensin II and thereby promoting renal 
tubular reabsorption of sodium [11].

The Sympathoadrenal System and Obesity [54]
There is a clear relationship between obesity and the sympathoadrenal system. 
However, as mentioned earlier, the identification of cause and effect between the 
two of them is very difficult. Findings are heterogeneous, but a normal to high level 
of sympathetic activity is mostly seen in obesity [40]. Landsberg proposed that 
increased sympathetic activation and hypertension seen in obese subjects may be a 
consequence of insulin resistance and hyperinsulinemia [47]. On the other hand, 
increased sympathetic activity is shown to reduce β-adrenergic sensitivity [102, 
103], thereby being a potential cause of obesity as hypothesized by Julius [104]. 
Representing a third option, there are reports suggesting the contrary, that reduced 
sympathoadrenal activity may be the predisposing factor. These apparently contra-
dicting theories are confusing. However, our data [54] suggests that reduced activity 
only in the adrenal medulla may lead to increased weight, and this weight gain may 
perhaps then trigger a subsequent activation of the sympathetic nervous system 
(Fig. 33.4). In a setting with increased sympathetic tone, the β-responsiveness may 
decrease, leading to further weight gain and blood pressure elevation [104–106]. 
Reims et al. have previously found that BMI and waist circumference in borderline 
hypertensive subjects are independently associated with lower adrenaline levels 
[27]. Thus, as activity in the adrenal medulla and sympathetic nervous system reflect 
related but distinctive aspects of autonomic functions, they may act in a reciprocal 
manner regarding weight development.
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The Sympathoadrenal System and Insulin Resistance [55]
Insulin resistance may be perhaps the most important feature of the metabolic syn-
drome. In obese subjects, insulin resistance is by many authors believed to result 
from increased fat mass [15]. The question remains, however, what causes insulin 
resistance in lean subjects. There are of course many factors involved, including 
genetic susceptibility and lifestyle. Some believe that a possible underlying deter-
minant is the sympathetic nervous system [2, 107]. Previous cross-sectional stud-
ies in our group have shown positive relationships between insulin resistance and 
plasma catecholamine levels and heart rate [108].

Insulin resistance is inversely related to the number of open capillaries [49], and 
our finding thus supports the hemodynamic hypothesis of Julius et al., stating that 
pressure-induced restriction of the microcirculation limits nutritional flow and 
thereby impairs glucose uptake in the skeletal muscle [109], which is the major site 
of insulin resistance [110]. Furthermore, a previous study found a direct relation-
ship between the number of sympathetic neural bursts to skeletal muscle tissue and 
HOMA-IR [111].

There are other possible mechanisms that may also explain how sympathetic 
overactivity could lead to insulin resistance. Catecholamines have a direct effect 
on the insulin action (not the secretion), thereby inhibiting the glucose uptake 
[112]. Moreover, β-adrenergic stimulation of skeletal muscle may promote a 
change to a higher proportion of poorly capillarized and insulin-resistant fast 
fibers [113]. Another possibility is that α-adrenergic vasoconstriction may con-
tribute to raised hematocrit and whole blood viscosity [114, 115], thereby lead-
ing to increased peripheral vascular resistance and reduced nutritional flow  
[16, 17].

Long-Term Stability of Responses to the Stress Tests
Cardiovascular hyperreactivity to stress must be reasonably stable if it is consid-
ered to be important in the development of hypertension and cardiovascular dis-
ease. We also investigated long-term stability of blood pressure, heart rate, 
adrenaline, and noradrenaline responses to a cold pressor test and a mental arith-
metic stress test (n = 81, two occasions 18 years apart) [116]. The 18-year cor-
relations of the cardiovascular and adrenaline absolute responses during mental 
stress ranged from 0.6 to 0.8. The entry/follow-up correlation of systolic blood 
pressure during the mental stress test (95% CI: 0.69 to 0.86) was significantly 
higher than during the cold pressor test (95% CI: 0.30 to 0.65), and responses to 
mental stress overall appeared to be more stable than responses to the cold pres-
sor test. Our study suggested that cardiovascular and sympathoadrenal reactivity, 
specifically to mental stress, are relatively stable individual characteristics. These 
results support one of the necessary preconditions to consider hyperreactivity 
involved in the development of hypertension and cardiovascular disease 
(Fig. 33.14).
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�Conclusions
We found that resting blood pressure was related to arterial plasma catechol-
amines, cardiovascular and sympathetic reactivity, and cardiovascular risk fac-
tors in a cross-sectional study in young men with low, normal, and high blood 
pressure who were unaware of their blood pressure status [52].

In a follow-up study over 18 years, initial sympathoadrenal reactivity to stress 
at the age of 19 was related to the development of future blood pressure [53], 
body fat [54], and indices of insulin resistance [55]. The responses to the cold 
pressor test and the mental stress test seemed to have different predictive impact 
on the development of these risk factors.

Partly due to resource-demanding procedures, there are little available data 
regarding the effect of the sympathoadrenal system on development of estab-
lished cardiovascular morbidity and future mortality in follow-up studies. Blood 
pressure, heart rate, obesity, and insulin resistance, on the other hand, are well-
known risk factors for cardiovascular diseases like stroke, coronary artery dis-
ease, heart failure, and peripheral vascular disease.
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34Early Cardiovascular Dysfunction 
in Prehypertension

Ana Jelaković, Živka Dika, Vesna Herceg-Čavrak, 
Mario Laganović, Dragan Lović, and Bojan Jelaković

Prehypertension (PHT) is starting point in cardiovascular (CV) continuum and it 
should be considered as an intermediate phenotype between apparently health sub-
jects and patients with sustained hypertension (HT). Although PHT in general is 
associated with higher risk for CV, cerebrovascular and renal morbidity and mortal-
ity, it is a heterogeneous group and subjects with PHT differ in mechanisms and 
pathways as well as in natural history, presence of CV dysfunction and risk classifi-
cation (Fig. 34.1). It is of scientific interest but also of utmost pragmatical impor-
tance to identify PHT individuals with higher CV risk who are more likely to 
progress and who will mostly benefit from early interventions. Beside identification 
of different associated risk factors which cluster in PHT, for risk classification it is 
important to determine presence of subclinical target organ damages (TOD) and 
early CV dysfunction. Occurrence and characteristics of various early CV dysfunc-
tions as well as differences in early CV dysfunction among age groups are presented 
and discussed in this chapter.
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34.1	 �Changes in Systemic Hemodynamics  
and Arterial Stiffness

It was previously established that early stages of PHT are characterized with eleva-
tion of adrenergic tone typically evident by hyperkinetic status, i.e., increased heart 
rate (HR), cardiac volume (CV), cardiac output (CO), and cardiac index (CI), includ-
ing total peripheral resistance (TPR) [1]. In studies presented in Table 34.1 HR was 
reported to be higher in PHT than in normotensives (NT) by most of the authors. 
Negative results were found in studies which enrolled small number of participants, 
in subjects from African descents and in older PHT. In all of studies pulse pressure 
(PP) was higher in PHT compared to NT counterparts. In the young-to-middle PHT 
(average age 43.2) Yano et  al. observed higher systemic vascular resistance com-
pared to NT, but no differences in left ventricular stroke volume. Interestingly, some 
racial differences were reported [2]. In the study conducted by Zhu et al., CO and CI 
were higher in American black youth PHT, while TPR, HR, and foot-pulse wave 
velocity (PWV) were higher in American white youth PHT [3]. Authors suggested 
that CV characteristics of PHT might be race-dependent proposing that PHT in 
young whites may be neurogenic, largely driven by excessive sympathetic tone while 
the observation that CO was increased in black PHT subjects could indicate the con-
tribution of extracellular volume expansion indicating that PHT in black youth might 
be associated with salt sensitivity and sodium retention. In the Strong study Drukteinis 
et al. reported that TPR was higher in both the HT and PHT groups compared to NT 
but after adjustments the difference remained significant in only the HT group [4]. 
Abdelhammed et al. have evaluated hemodynamic characteristics of adult subjects 
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with and without hypertension (HT), including those with PHT using impedance 
cardiography [5]. They found no difference in systemic vascular resistance index 
(SVRI  =  SVR  ×  BSA) between PHT and subjects with optimal blood pressure 
(OBP), as well as between PHT and those with controlled HT (<120/80 mm Hg). A 
total of 22.2% of subjects with OBP and 50.0% of PHT showed vasoconstriction, as 
evidenced by high SVRI values. In HT group only 8.9% of subjects had SVRI in the 
normal range. As suggested by the authors, the transition from the normal state to the 
HT state may be bimodal among individuals with PHT—a group in which some 
individuals have elevated CO with low-to-normal SVR, whereas others have elevated 
SVR with low or normal CO. Subjects with PHT had a significantly lower total arte-
rial compliance index (TACI = stroke index (SI)/pulse pressure (PP)) than those with 
OBP, while no difference was observed in SVRI between these groups.

Table 34.1  Association of early cardiovascular disease markers with prehypertension in children, 
adolescents, adults, and elderly

Early cardiovascular disease 
markers Children and adolescents Adults and elderly
Endothelial dysfunction No evidence Positive
Retinal changes No association/negative Positive

Blood pressure
Albuminuria Negative Positive

Blood pressure
+
Associated clustered risk factors
(glycemia, uric acid, obesity)

Arterial stiffness Positive
Blood pressure

Positive
Blood pressure
+
Associated clustered risk factors
(age, dyslipidemia)

Carotid intima-media-thickness Positive
Blood pressure
+
Obesity

Positive
Blood pressure
+
Associated clustered risk factors
(men, dyslipidemia, morning BP 
surge)

Left ventricle
Structure and geometry

Positive
Blood pressure
+
Obesity

Positive
Blood pressure
+
Associated clustered risk factors
(insulin resistance)

Left ventricle
Diastolic dysfunction

Positive
Blood pressure
+
Associated clustered risk 
factors

Positive
Blood pressure
+
Associated clustered risk factors

Left ventricle
Systolic dysfunction

No association Negative/positivea

Blood pressure
+
Metabolic abnormalities

aDepending on imagining technique
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The association of arterial stiffness with increased CV risk in PHT has not yet been 
fully clarified. Increased arterial stiffness was observed already in adolescents and 
children. Adolescents with HT and PHT have stiffer blood vessels and higher PWV 
than NT [6–10]. Stabouli et al. reported in the study of 124 children and adolescents 
5–18 years of age that 24 h ABPM, daytime and nighttime PP levels were signifi-
cantly higher in PHT and HT than in NT subjects [7]. It was proposed that increased 
aortic stiffness in children with high BP in the early stage could be explained by pas-
sive distension caused by arterial pressure and not primarily with intrinsic arterial wall 
changes [8]. Urbina et al. reported a graded increase in carotid-femoral PWV from 
NT to PHT and to HT youth aged 10–23 years (5.75 vs. 6.38 vs. 7.12 m/s) after adjust-
ing for other CV risk factors [9]. A similar finding of a gradual increase in PWV in 
HT, PHT (high-normal BP) and HT children was also confirmed by Lurbe et al. in a 
group of children aged 8–18 [10]. In a twin cohort study of American youth (mean age 
17.6) from Georgia Cardiovascular twin study, Zhu et al. found significant elevation 
of carotid-to-radial PWV and carotid-to-foot PWV from NT to PHT subjects after 
adjusting for age, gender, and BMI in white youths [3]. Garcia-Espinosa et al. ana-
lyzed vascular phenotype in 154 children (mean age 11; range 4–16  years) and 
observed that children with high BP exhibited higher aortic PWV, but the differences 
between NT and HT withdrew when normalizing for the BP levels and concluded that 
the differences are pressure-dependent and not related to early intrinsic aortic damage 
[8]. One large study in adolescents (10—23 years) showed a graded increase in AIx 
from NT to PHT and to HT (0.69 vs. 3.89 vs. 9.35%; p < 0.0001), even after adjusting 
for traditional CV risk factors [9]. On the contrary, in another survey of 121 adoles-
cents 13–19 years of age no difference was found in AIx among the three BP catego-
ries, nor any significant correlation between AIx and peripheral SBP or DBP [11]. 
Authors explained this by shorter cumulative exposure to higher BP in adolescents as 
compared with adults. Drukteinis et al. reported higher pulse pressure/stroke volume 
index (assumed as markers of arterial stiffness) in a group of young PHT compared to 
NT [4]. In The San Antonio Heart Study Lorenzo et al. demonstrated that PHT is an 
independent predictor of all-cause and CV mortality in subjects free of diabetes and 
CV disease, but only if PP was widened [12]. PHT was not a risk factor for mortality 
if PP was narrow. They proposed that widened PP may select a group of individuals 
who are more susceptible to generalized vascular damage and atherosclerosis. Gedikli 
et al. found aortic PWV (10 ± 2.5 vs. 8.6 ± 1.7 m/s, p = 0.004) and AIx@75 (21 ± 8.3 
vs. 10 ± 9.1%, p = 0.0001) to be significantly higher in subjects with PHT than in NT 
[13]. In multiple linear regression analysis PHT was a significant predictor of aortic 
PWV (b = 0.26, p = 0.009) and AIx@75 (b = 0.46, p = 0.0001), suggesting that arterial 
functions were impaired in PHT. In a group of 1349 PHT (mean age 44 ± 9 years)after 
adjustments for confounding variables (age, gender, and mean blood pressure) the 
brachial-ankle PWV, but not the radial AI, was higher in subjects with PHT than in NT 
[14]. PWV and BMI > 25 were identified as significant predictors of the development 
of HT. These results suggested that increased arterial stiffness of the large to middle-
sized arteries might be an independent risk factor for the new onset of HT in subjects 
with PHT. This is in line with results of Najjar et al. who demonstrated that a higher 
value of the carotid-femoral PWV was an independent risk factor for the new onset of 
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HT in 306 NT subjects [15]. In another analysis Tomiyama et al. revealed that the 
change of the brachial-ankle PWV during the follow-up period of 6 years was higher 
in the subjects with persistent PHT than in persistent NT and they concluded that PHT 
itself is a risk factor for increase of the arterial stiffness [16]. The annual increase of 
the brachial ankle PWV in elderly subjects (age > 60 years) with persistent PHT was 
higher than that in middle-aged subjects (age 40–59 years) with persistent PHT indi-
cating that the accelerated progression of arterial stiffening caused by persistent PHT 
became more pronounced with advancing age. They observed that other CV risk fac-
tors may also augment the PHT-related progression of arterial stiffness. In a small 
group of young PHT men (mean age 34 years) Celik et al. observed that the mean 
aortic systolic and diastolic diameters of PHT were significantly higher than those in 
NT [17]. Aortic distensibility and strain indexes of PHT were found to be lower than 
those of NT while the mean aortic stiffness index beta of the PHT was significantly 
higher than that of the control group. Authors concluded that these findings suggested 
that arterial stiffness may develop prior to development of overt HT and increased 
arterial stiffness might be a mechanism in the initiation and/or progression of PHT to 
HT. Erdogan et al. demonstrated in the group of 60 PHT (mean age 43.6) that aortic 
distensibility was significantly lower and aortic stiffness index was significantly 
higher in both PHT and HT than those in NT and found impairment of aortic elasticity 
in PHT to be as severely as that in HT [18]. Authors concluded that the presence of 
PHT was significant predictor of impaired aortic elasticity. Proximal aortic impedance 
(Zc) and aortic PWV were higher in PHT compared to NT while aortic compliance 
and distensibility were lower [2, 19]. Jia et al. even proposed that early detection of 
ascending aortic elasticity index changes, particularly aortic distensibility could be 
used for identification of high-risk PHT subjects [19]. Tiokka et al. also found lower 
aortic and carotid distensibilities in the PHT men (high-normal BP) than in NT [20]. 
In multivariate analysis, the differences in distensibilities between the groups disap-
peared when the values were adjusted for ox-LDL, thus they suggested that oxidative 
modification of LDL particles may play a pathophysiological role in the development 
of reduced arterial distensibility in HT.

Box 34.1 Arterial Stiffness as an Early Marker of Cardiovascular  
Dysfunction in PHT
1. � Markers of arterial stiffness (pulse pressure, pulse wave velocity) are 

reported to be increased already in PHT children and adolescents. Widened 
pulse pressure may be considered as a biomarker of greater susceptibility 
to general vascular damage in PHT.

2. � It was proposed that increased arterial stiffness in younger ages is blood pres-
sure dependent and not related to early intrinsic changes in arterial wall.

3. � Accelerating progression of arterial stiffness caused by persistent PHT is 
more pronounced with increasing aging. The role of other factors (age, 
glycemia, dyslipidemia) contributes to vascular wall changes.
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34.2	 �Carotid Intima Media Thickness

It was demonstrated that carotid intima-to-media thickness (cIMT) is increased in 
subjects with borderline hypertension [2, 21], and some recent reports showed that 
PHT is also associated with increased cIMT.  During childhood and adolescence 
cIMT correlates with age and with the increase in BP [22]. Most of these studies 
suggested an independent positive association between BP and cIMT in children 
and young people, even after adjustment for other CV risk factors. The correlation 
of PHT in children and adolescents and increased cIMT was observed in several 
studies. Urbina et al. presented an increased cIMT in PHT children and adolescents 
compared to the NT as independent determinant of target organ damage (TOD) [9]. 
Jourdan et al. reported thicker carotid and femoral IMT in young people who had 
systolic BP in the top 10th percentile of the distribution [23]. Stabouli et al. reported 
that obese children and adolescents have greater cIMT than nonobese subjects, 
independently of BP [24]. However, it is not clear whether higher cIMT values in 
PHT and HT children are of any clinical significance in adulthood. Manios et al. 
found that adult PHT and NT did not differ in common artery cIMT, but PHT with 
masked HT had higher cIMT than NT but also than PHT with normal daytime 
ABPM [25]. Alpaydin et al. reported that male gender, elevated mean platelet vol-
ume levels, and morning BP surge were independent predictors of greater cIMT in 
PHT [26]. Beside showing association of PHT with cIMT observations in both stud-
ies stressed the role of ABPM in determination of risk in PHT. According to the 
results of Hong et al. PHT correlated with thicker cIMT after adjustment for multi-
ple risk factors. PHT had trend to have thicker cIMT but also significantly higher 
carotid plaque occurrence than NT [27]. Intensity of plaque formation in PHT was 
the same as in HT patients. In the PHT group they fail to observe any difference 
between subjects with high and high-normal BP. It was also reported that PHT sub-
jects with thicker cIMT have also higher LVM than NT indicating that PHT increase 
risk for atherosclerosis and global CV risk [28]. The Multi-Ethnic Study of 

4. � PWV was identified as a significant predictor of the development of HT 
and arterial stiffness might be an independent risk factor development of 
overt HT.

5. � It was proposed that widened pulse pressure and changes of aortic elastic-
ity properties could be used for identification of high-risk subgroup of 
PHT subjects.
Gradual increase in arterial stiffness was observed from NT to PHT and 

HT. Further research is needed to clarify the chicken-egg question whether 
increased arterial stiffness is risk factor for PHT, or does PHT independently 
increases arterial stiffness. Nevertheless, it could be concluded that measure-
ments of biomarkers of arterial stiffness (PP, carotid-femoral PWV, etc.) are 
valuable in identification of PHT subjects with higher CV risk.
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Atherosclerosis (MESA) enrolled 6814 participants free of clinical cardiovascular 
disease and it was shown that in the group with high-normal BP cIMT was directly 
associated with systolic BP and inversely associated with diastolic BP, while LVM 
was directly related to SBP and DBP [29]. Karasek et al. analyzed dyslipidemic 
status in PHT and found that prevalence of PHT was the highest in hypertriglyceri-
demic persons [30]. In their study PHT subjects had thicker cIMT than NT in all 
dyslipidemic phenotypes (according to apolipoprotein B and triglycerides) suggest-
ing that dyslipidemia and BP have cumulative effect on IMT in PHT. Femia et al. 
confirmed that PHT have thicker cIMT compared to NT, and the association between 
cIMT and PHT persists after adjustment for all known predictors [31]. However, in 
the follow-up period of 3.5 years they failed to observe difference in progression of 
cIMT between PHT and NT.  Authors concluded that baseline measurements of 
cIMT reflects past log-term exposure to risk factors, whereas cIMT progression 
may be influenced by short-term changes in risk factor burden.

34.3	 �Retinal Changes

Alternations in the structure and function of the microcirculation are one of the earli-
est changes in the pathogenesis of HT including enhanced vasoconstriction, reduced 
vasodilator responses, anatomic alterations, and rarefaction of arterioles or capillar-
ies. Results of studies based on biopsies usually taken from subcutaneous fat tissue 
support the hypothesis that capillary rarefaction is an early hallmark of HT. Recently, 
new techniques and technologies in retinal photography have enabled investigations 
of microvascular structure and function in retina. Retinal vascular caliber can be 
noninvasively assessed from retinal photographs and computer-assisted approaches 
[32]. The noninvasive measurement of retinal vessel diameters of particular rele-
vance are: the central retinal arteriolar equivalent (CRAE) and central retinal venular 
equivalent (CRVE), which, respectively, represent the average arteriolar and venular 
diameters in an eye. Noninvasive photographic measurement of retinal vessel diam-
eters allows insights into microvascular alterations and their relation to CV risk fac-
tors [33–35]. Retinal arteriolar narrowing is strongly correlated with concurrent 

Box 34.2 Prehypertension and Carotid Intima-Media Thickness
1. � Most of studies showed an independent positive association between PHT 

and cIMT starting from childhood and adolescence till the older ages.
2. � In PHT other risk factors (i.e., dyslipidemia, morning BP surge, masked 

HT) additionally increase risk for thicker cIMT.
3. � Presence of cIMT is associated with other target organ damages (i.e., LVH)
4. � In addition to the presence of thicker cIMT it was also reported that inten-

sity of atherosclerotic plaque formation in PHT is not different to HT.
Thicker cIMT is reported to be associated with PHT and could be consid-

ered as a determinant of early target organ damage.
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elevated BP levels, but retinal venular diameter may convey additional information. 
In some studies, NT persons with retinal arteriolar narrowing were more likely to 
develop HT. Increasing number of studies have shown that retinal vessel signs, that 
is, the narrowing of retinal arteriolar caliber and widening of venular caliber, have 
been associated with CV risk factors, systemic inflammation, and decreased renal 
function [36–39]. It has been suggested that generalized and focal narrowing of the 
retinal arterioles may be markers of a PHT because they predict the risk of HT in NT 
subjects [34, 40, 41]. The PHT group in the study by Murgan et al. had values of the 
CRAE equivalent to those of the HT group and significantly lower than those of the 
NT group [11]. Using qualitative and quantitative assessments of the retinal micro-
circulatory network via bilateral nonmydriatic retinography Grassi et al. found arte-
riolar-venular ratio in PHT to be below the normal values, i.e., greater than 0.92, 
indicating occurrence of an initial arteriolar narrowing process in the high-normal 
BP group [42]. They concluded that retinal arteriolar narrowing is an early phenom-
enon in PHT, and systolic BP and PP represent the major hemodynamic determinants 
of the retinal abnormalities in PHT. In the study of Murgan et al. no correlation was 
found of the retinal vascular parameters and the macrovascular parameter AIx in 
contrast to the findings of the Atherosclerosis Risk in Communities Study (ARIC) 
study, in which carotid arterial stiffness was strongly correlated with generalized reti-
nal arteriolar narrowing [43]. The recent study in HT and PHT adolescents has shown 
negative correlation between CRAE and both peripheral (brachial) and central SBP, 
while no correlation was found in CRVE with BP [11]. This is consistent with the 
findings in studies of young adults and of small children, in which high BP had no 
influence on retinal venular diameter [40, 44, 45]. The plausible explanation of these 
findings could be the short cumulative exposure of the children and adolescents to 
high BP and the fact that the changes in vascular elasticity and pulse wave reflection 
that occur in HT occur at a later stage than does retinal arteriolar narrowing [46]. On 
the basis of baseline and the follow-up SBP measurements, each 20-μm decrease on 
retinal arteriolar caliber at baseline was associated with a 1.12 mmHg greater increase 
in SBP over 5  years [47]. Further, in Nagahama study the central BP was more 
closely associated with the narrowing of retinal arterioles (CRAE) than brachial BP, 
even in NT.

Box 34.3 Retinal Changes as an Early Marker of Cardiovascular Dysfunction  
in PHT
1. � There is scarce evidence on retinal changes in PHT, however it was sug-

gested that generalized and focal narrowing of the retinal arterioles may be 
early phenomenons and a markers of PHT because they predict the risk of 
HT in NT subjects.

2. � It was reported that systolic BP and PP in PHT represent the major hemo-
dynamic determinants of the retinal abnormalities, i.e., arteriolar 
narrowing.
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34.4	 �Albuminuria as an Early Marker of Cardiovascular 
Dysfunction in PHT

It is well established that microalbuminuria (MA), which is considered a mirror of 
generalized endothelial damage, represents a marker not only of chronic kidney 
disease (CKD) but also of CV morbidity and mortality in diabetic patients, hyper-
tensives nondiabetic and in general population [48]. MA is a useful test for the 
identification of people who are at high risk for CV events and who require more 
intensive therapy. Endothelial injury and dysfunction are thought to contribute to 
CV risk in PHT.  Weil et  al. reported on significantly lower forearm blood flow 
responses to acetylcholine (~30%) in PHT compared with NT and concluded that 
PHT is associated with impaired NO-mediated endothelium-dependent vasodilation 
[49]. Wang et al. observed association of elevated CRP and sICAM-1 with PHT 
suggesting that inflammation and endothelial dysfunction may have a role in the 
development of PHT and HT [50]. Nikolov et al. found that flow-mediated dilata-
tion was reduced in PHT compared to NT group which was associated with increased 
ADMA and cVCAM-1 [51]. Vrdoljak, Jelaković et al. in a group of PHT who were 
free of CKD, diabetes, and previous CV incidents found that hepatocyte growth fac-
tor was significantly higher in subjects with high-normal BP than in those with OBP 
[52]. Hepatocyte growth factor which has antiapoptotic, anti-inflammatory, and 
antifibrotic properties was reported to be compensatory elevated in response to 
endothelial damage caused by HT, CKD, or diabetes. Keeping in mind high preva-
lence of PHT and the fact that PHT is very heterogenous group, it is of interest and 
importance to determine whether MA, as not only a marker of early kidney damage 
but also sign of systemic endothelial injury, can be used as a screening tool in adults 
with PHT to identify those at higher risk for CV disease or decline of renal function. 
It was observed in a NHANES III cohort (8751 non-hypertensive subjects) that 
high-normal BP and normal BP categories were significantly associated with 
increased OR of MA compared with OBP (OR  =  2.13; 1.34, respectively) [53]. 
Analyzing NHANES data Ogunniyi et al. found that prevalence of MA was 4.5, 6.3, 
12.4, and 25.3% in subjects with normal BP, PHT, stage 1 HT, and stage 2 HT, 
respectively [54]. In the group of middle-aged untreated subjects without diabetes 

3. � Retinal vascular parameters do not correlate with the macrovascular 
parameter (i.e., Aix) what is in line with the fact that the changes in 
vascular elasticity of large arteries and pulse wave reflection occur at a 
later stage than does retinal arteriolar narrowing.

4. � Negative correlation of retinal changes with BP was found in PHT ado-
lescents and these findings could be due to the short cumulative expo-
sure of the children and adolescents to high BP.

Obtained results suggest that retinal changes in PHT might be considered 
as an early sign of cardiovascular dysfunction, but further studies are needed.
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Tenekecioglu et al. observed the prevalence of MA to be 10, 25.9, and 33.9% in NT, 
PHT, and new-HT, respectively [55]. In PHT group subjects with MA had higher 
SBP, brain natriuretic peptide, LVMI and lower eGFR as compared to those with 
normal albumin excretion. In PHT MA was significantly correlated with SBP, 
LVMI, and brain natriuretic peptide. Vrdoljak, Jelaković et al. also found albumin-
to-creatinine ratio (ACR) to have linear trend accords the BP categories being 4.08, 
4.25, 5.05, and 5.77 mg/g in OBP, normal BP, high-normal BP, and untreated new-
HT, respectively [52]. Kim et al. analyzed 2678 PHT subjects without a history of 
diabetes or hypertension and found that high-normal BP category had an indepen-
dently significant association with MA (OR 1.692, 95% CI 1.097–2.611) [56]. 
Subjects with high-normal BP had higher ACR values than subjects with normal BP 
(11.06 ± 25.46 vs. 8.15 ± 20.43; p = 0.006). They suggested that the high prevalence 
of MA in the high-normal BP group with apparent normal renal function may reflect 
increased glomerular filtration pressure in response to elevated BP. In the group of 
6771 subjects without diabetes and HT Lee et al. found MA in 4.0% of NT subjects 
and in 7.9% of PHT [57]. PHT subjects with MA had higher serum uric acid level 
than those with normoalbuminuria (p = 0.006) what was not observed in the NT 
group. In this cohort increased serum uric acid level was an independent factor for 
MA in the PHT group. They found that PHT subjects with MA had higher GFR 
levels than those with normoalbuminuria proposing that PHT might cause endothe-
lial dysfunction and glomerular hypertension inducing glomerular hyperfiltration. 
In our group of non-treated subjects without diabetes and GFR > 60 ml/min preva-
lence of glomerular hyperfiltration was higher in PHT than in those with OBP and 
HT (25.5% vs. 21.8% vs. 18%, respectively) [52]. Subjects with glomerular hyper-
filtration were younger, visceral obese, and had signs of sympathetic overactivity 
(higher leptin concentration and heart rate). During the 100  months follow-up 
period eGFR decreased significantly more in subjects with glomerular hyperfiltra-
tion compared to those with normal eGFR. This is in line with report of Okada et al. 
who found that the prevalence of glomerular hyperfiltration increased not only with 
increasing stage of prediabetes but also of PHT [58]. In the group of 1100 PHT and 
2200 subjects with OBP Yi et al. found that prevalence of MA was 6.8% and 3.6%, 
respectively (p < 0.0001) [59]. In logistic regression it was shown that MA, brain 
natriuretic peptide, and serum uric level were significantly associated with the 
occurrence of PHT. After exclusion of patients with diabetes and hyperuricemia 
Peng et al. found in a group of subjects older than 30 years that persons with PHT 
are more likely to have MA than NT (OR 1.83 95% CI 1.12–2.99), and MA was 
positively associated with BP levels [60]. Ding et al. and Zhang et al. found that 
prevalence of MA in the group of 1796 women increases in parallel with BP cate-
gory being 9.6%, 13.4%, and 27.6%, respectively, in NT, PHT, and HT [61, 62]. 
They also noticed dose-response relationship between ACR and the risk of PHT. In 
middle-aged NT subjects (622 PHT and 437 OBP) Wang et al. reported that preva-
lence of MA is rising with the increasing classification of glycemic level: normo, 
prediabetic, and diabetic, 14.8%, 18.3%, and 32.6%, respectively [63]. Statistically 
significant association between glycemic level and MA was present in PHT but not 
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in OBP group. Urinary albumin excretion has been also reported as a predictor of 
developing HT and BP progression. A prospective study of 1499 nondiabetic, non-
HT individuals has demonstrated that those in the highest quartile of the ACR had 
an adjusted OR of 1.93 for developing HT and 1.45 for BP progression [64]. Authors 
concluded that elevated ACR is associated with the development of HT in nondia-
betic individuals who are not currently HT. Importantly, the increased risk of HT 
was evident at ACR values well below the conventional threshold for MA. Some 
authors failed to find MA in PHT subjects, but as authors themselves concluded this 
could be explained with younger age of subjects enrolled in those studies [4, 65]. 
During a median follow-up of 12.8  years Sehestedt et  al. found in a population 
sample of 1968 untreated individuals without diabetes, prior stroke, or myocardial 
infarction that measuring two of PWV, atherosclerotic plaques or ACR was suffi-
cient to significantly improve risk prediction in subjects with high-normal BP [66]. 
In our group of nondiabetic PHT with normal kidney function during the follow-up 
period of 100 months (IQ84–120), 11.337 person years of follow-up, incident HT 
was diagnosed in 48.2% of PHT with incident rate 7.53% per year. Beside age, 
systolic BP, and leptin, ACR was significant predictor of incident HT [67].

Aforementioned studies suggest that ACR might be a good biomarker and 
screening for MA may identify a subgroup of subjects who are at high risk for 
developing CV disease and renal impairment and could benefit from early therapy.

Box 34.4 Albuminuria as an Early Biomarker of Cardiovascular Dysfunction  
in PHT
1. � Prevalence of MA is higher in PHT than in subjects with OBP, but lower 

than in non-treated hypertensives.
2. � Subjects with PHT have higher risk for MA than those with normal BP.
3. � Association of MA with PHT is present in diabetics but also in 

nondiabetics.
4. � Prevalence of MA is increasing with the glycemic level.
5. � Serum uric acid was reported by some authors to influence presence of 

MA in PHT subjects.
6. � ACR is predictor of developing HT in nondiabetic PHT subjects.
7. � It was proposed that MA in PHT subjects with normal global renal func-

tion may reflect glomerular hyperfiltration.
It was also shown that renal function deteriorates more rapidly in PHT with 
glomerular hyperfiltration.

8. � Negative results were observed in children and adolescents what could be 
explained with shorter period of exposition to higher values of BP.
It could be suggested that MA might be considered as a tool for identifica-

tion of adult and elderly PHT subjects with additional high risk who may 
benefit from early treatment.
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34.5	 �Changes of Left Ventricular Structure and Geometry

LV mass (LVM) was significantly elevated in PHT starting from childhood and adoles-
cents [4, 9, 68]. DiBello et al. analyzed LV abnormalities in PHT with 2D-strain ECHO 
and found that LVM was significantly higher in PHT [69]. Ahnet al. found that LVMI 
was higher in both PHT men and PHT women (p = 0.02). Kim et al. evaluated the 
relationship between PHT and TOD using tissue Doppler imaging (TDI) and found 
that LVMI was significantly higher in PHT than in NT [71]. In the study conducted by 
Ahn et al. PHT subjects compared with NT had significantly higher Sokolow-Lyon and 
Cornell voltage for ECG left ventricular hypertrophy (LVH) [70]. PHT had higher 
prevalence of ECG LVH (men 16.9% vs. 5.9% men; 2.0% vs. 1.0% women). Using 2D 
mode ECHO Jung et al. in much larger cohort found that the proportion of LVH was 
0.9%, 1.6%, 4.9%, and 3.4% in NT, PHT, controlled HT, and in newly diagnosed HT, 
respectively [72]. The fully adjusted ORs for LVH were 2.1 (95% CI 1.63–2.7) in all 
PHT, and 3.2 (95% CI 2.41–4.23) in nondiabetic PHT. In this study relative wall thick-
ness (RWT) showed dose-response relationship order (NT, PHT, HT). The full adjusted 
ORs of increased RWT were 1.65 (95% CI 1.45–1.87) in PHT and 3.31 (95% CI 
2.68–4.07) in newly diagnosed untreated HT. Changes in LV structure and geometry 
are registered already in children and adolescents with PHT [73–75]. Stabouli et al. 
reported the same prevalence of LVH of 20% in HT and PHT children. PHT children 
had higher LVMI than NT and similar to HT [7]. The combination of obesity and PHT 
increases the likelihood of LVH, as we found in the study of Falkner et al. [76]. In the 
African-American adolescent prevalence of LVH was 19% and 57% in normal weight 
and overweight adolescents, respectively. In PHT children, adolescents, and young 
adults (age range 10–23) Urbina et al. found no difference in concentric HT between 
PHT vs. NT while eccentric hypertrophy was slightly more prevalent (4.6 vs. 3.4%) 
[9]. It was found in the Strong study in young PHT (14–39 years of age) that after 
adjustment for covariates, both HT and PHT subjects had higher LV wall thickness 
(0.83 and 0.78 vs. 0.72 cm), LVM (182 and 161 vs. 137 g), and RWT (0.30 and 0.29 
vs. 0.28 cm) and three- and twofold higher prevalence of LVH than their NT counter-
parts (all p < 0.001) [4]. They found minimally higher prevalence of concentric remod-
eling and threefold and twofold higher prevalence of eccentric LVH in the HT and PHT 
groups, respectively. In another study, it was found that PHT men and women have 
changes in LV geometry in the form of concentric remodeling (3.44 and 6.45%), 
eccentric hypertrophy (3.44 and 3.22%), and concentric hypertrophy (13.79 and 6.4%) 
[68]. In the same group posterior wall thickness (PWT), interventricular septum thick-
ness (IVST), LVM, and RWT were raised but not statistically significant in both PHT 
men and women. Erdogan et al. found that IVS and PW thickness, left ventricular end-
diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), ejection 
fraction (EF), left atrial (LA) diameter, and LVMI were similar between PHT and HT, 
and between PHT and NT [18]. This is in line with results from the study by Norton 
et al. who enrolled young-to-middle-aged subjects of African ancestry [65]. Before 
adjustment PHT was associated with LVMI, mean WT, PWV, early to late transmitral 
velocity, but not with other TOD (ACR, cIMT). However, after adjustments PHT was 
not independently associated with any TOD. Authors speculated that alternative risk 
factors may contribute to TOD and proposed that is possible that clustering of risk 

J. Ana et al.



541

factors is principally responsible for TOD in PHT. On the contrary, Drukteinis et al. 
concluded that both the HT and PHT groups exhibited cardiac structural features asso-
ciated with increased CV risk, including increased IVS, posterior wall, and RWT and 
higher LVM underlying that these data suggest parallels between CV effects of PHT 
and HT already in adolescents and young adults [4]. This is in agreement with observa-
tion and conclusion of Kim et al. who found that subtle alterations in CV structure were 
present in PHT [71]. As assessed by TDI-derived parameters, LV diastolic dysfunction 
appears to be an early manifestation of PHT subjects and precedes the development of 
LVH defined by current ECHO criteria indicating that PHT might be a potential con-
tributor to the development of TOD. DiBello et al. demonstrated that PHT induces the 
same structural abnormalities of newly diagnosed, untreated HT patients, although in a 
milder manner [69]. However, they also found LV abnormalities to be associated not 
only with systolic ABPM and LVM but also with HOMA index. In elderly PHT, men 
had higher LV dimensions and LV wall thickness, while LVMI was similar to women. 
The LV filling pressure (E/E′) was higher in women. In PHT, the gender differences in 
cardiac structure were consistent with the constitutional differences between sexes and 
the higher filling pressure in women was similar to the findings in general population 
that may contribute to increased prevalence of Heart Failure with Preserved Ejection 
Fraction in women. Important and interesting data were collected in the 10-year fol-
low-up study (MONICA/KORA Augsburg) where Markus et al. found that PHT dis-
played more pronounced aging-related increase in LV wall thickness and LV mass 
[77]. In addition, PHT was associated with a raised incidence of LV concentric remod-
eling (adjusted OR 10.7 CI 95% 2.82–40.4) and LVH (adjusted OR 5.3 CI 95% 
1.58–17.9).

Box 34.5 Changes of Left Ventricular Structure and Geometry as an Early Sign  
of Cardiovascular Dysfunction in PHT
1. � Left ventricular mass is higher in PHT men and women than in NT 

counterparts.
2. � Changes in LV structure and geometry are presented already in PTH chil-

dren and adolescents.
3. � PHT subjects have two- to threefold higher risk and prevalence of LVH 

than NT.
4. � PHT subjects displayed more pronounced aging-related changes in LV 

structure than NT.
5. � PHT men were reported to have more eccentric and concentric hypertro-

phy, while PHT women had more concentric remodeling and higher LV 
filling pressure.

6. � Some authors argued that associated risk factors and not PHT itself are 
principally responsible for LV structural changes.
Regardless changes in LV structure are independently related to PHT or 

they are associated with other risk factors observed abnormalities in structure 
and geometry in PHT subjects are similar to those in newly diagnosed, 
untreated HT patients, although in a milder manner.
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34.6	 �Left Ventricular Diastolic Function

Data on left ventricular (LV) diastolic dysfunction in PHT are rare and there are just 
a few population-based studies on early changes in CV function. In the cohort of 
more than 52,000 adults in whom echocardiogram (ECHO) was performed Jung 
et al. found the presence of diastolic dysfunction in PHT. The adjusted mean E/E 
ratio, indicating increased filling pressure, was 7.89 (95% CI 7.85–7.94) in PHT 
who also had higher E/e ratio and LA diameter, while lower E/A ratio and septal e 
velocities [72]. This is accordant to the results of Bajpai et al. who observed active 
(E) and passive (A) transmitral peak velocities and their ratio (E/A ratio) to be 
decreased in PHT what is suggestive of compensatory diastolic dysfunction [68]. 
Ahn et al. reported that diastolic function was more decreased in PHT compared to 
NT (E/A men 1.14(0.6) vs. 1.3(0.4); women 1.11(0.6) vs. 1.25(0.5)) [70]. These 
results are in line with report of Celik et al. who found that PHT compared to NT 
had slower E velocity, faster A velocity, lower E/A ratio, longer deceleration time 
and IVRT (isovolumetric relaxation time) [17]. Using TDI (Tissue Doppler imag-
ing), Kim et al. found that LV diastolic parameters/E/E ratio, TDI Ea velocity, E/Es 
ratio were impaired in PHT subjects [71]. In a large cohort of 4261 middle-aged 
adults Jang et al. observed that diastolic dysfunction grade 1 or 2 was significantly 
higher in PHT (31%) and HT (38%) compared to NT (19.1%) [78]. In men, the 
adjusted OR for diastolic dysfunction with PHT was 1.74 (CI 95% 1.44–2.04) for 
grade 1 and 1.31(CI 95% 0.84–2.04) for grade 2, while in females it was 1.32 (CI 
95% 0.91–1.9) for grade 1 and 1.47(CI 95% 0.76–2.76) for grade 2. It was con-
cluded that diastolic dysfunction appears to be significantly associated with PHT in 
apparently healthy middle-aged Korean population. These results are congruent 
with data obtained with 2D-strain ECHO. DiBello et al. found mild LV diastolic 
dysfunction in PHT, higher LVEDV (left ventricle end-diastolic volume) in PHT 
than in NT [69]. They found early and global LV diastolic dysfunction: peak E was 
progressively lower in PHT and HT. However, late diastolic LV functional phase 
appeared comparable among groups (PHT, HT, NT). Only the early phase of longi-
tudinal function was impaired, essentially at the septum level. Prominently the E/e 
ratio showed a progressive and significant increase in PHT and HT compared to 
NT. It is interesting to analyze changes in LV function in various aging PHT sub-
groups. In the cohort of very young subjects (10–23 years) Urbina et al. found NT 
to be better than PHT for mitral E/A ratio, TDI Ea/Aa septal ratio, average septal/
lateral Ea/Aa ratios, and E/average Ea/Aa TDI lateral and septal ratios [9]. In the 
Strong study which enrolled participants 14–39 years of age, mean mitral A velocity 
and atrial filling fraction were higher and the mean mitral E/A ratio was lower in 
both HT and PHT participants, even after covariate adjustment, but difference in 
mitral deceleration time did not remain significant after covariate adjustment [4]. 
IVRT was longer and the mean E velocity was slightly lower in HT and PHT partici-
pants, but the differences were not significant after adjustment for covariates. In 
elderly PHT (75 years of age) Santos et al. found that parameters of diastolic func-
tion (E/A, E′, and E/E′) were progressively worse in PHT and HT in comparison to 
subjects with OBP, and the adjusted prevalence of mild and moderate to severe 
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diastolic dysfunction was higher in PHT (59%) as compared with OBP (44%) but 
lower than in HT (67%) [79]. They observed a tendency toward increasing LA size 
with higher BP but they failed to find statistically significant difference in LA size 
between PHT participants and those with OBP. Some authors failed to find PHT to 
be independently associated with LV dysfunction. Erdogan et al. found that com-
pared to NT, PHT had significantly higher only IVRT, while the other diastolic 
parameters were just slightly different [18]. They concluded that LV diastolic func-
tion in PHT was not impaired as severely as that was in HT. In young-to-middle-
aged PHT of African descent Norton et al. failed to prove PHT to be an independent 
predictor of TOD including diastolic dysfunction and suggested that early changes 
are largely attributed to associated risk factors that cluster with PHT [65]. However, 
in 10-year follow-up period Markus et al. observed that in subjects with persistent 
PHT the ratio of early and late diastolic peak transmitral flow velocities (E/A) 
decreased by 15.7% (compared to decrease of 7.7% in NT) [77]. The ratio of early 
diastolic peak myocardial relaxation velocities (E/EM) was higher and LA size was 
larger in PHT group. The adjusted OR for incident diastolic dysfunction was 2.52 
(1.01–6.31) for the PHT group.

34.7	 �Left Ventricular Systolic Function in PHT

Contrary to LV diastolic dysfunction the overall LV systolic functions were reported 
to be normal in asymptomatic PHT subjects [68]. Even in elderly PHT authors failed 
to find differences in LV systolic function in PHT compared to subjects with OBP 
[79]. In the elderly PHT enrolled in the ARIC study neither EF nor circumferential 
strain significantly differed between NT and HT, and authors speculated that systolic 
abnormalities restricted to the subendocardial fibers might be present only in a more 

Box 34.6 Left Ventricular Diastolic Dysfunction and PHT
1. � Diastolic function is more decreased in PHT than in NT, but not so severely 

as it was described in HT.
2. � Impaired diastolic function is present not only in middle-aged and elderly 

PHT but also in young PHT and even in children and adolescents, indicat-
ing that this is one of the earliest manifestation of cardiovascular dysfunc-
tion in PHT.

3. � In subjects with PHT compared to NT diastolic function decreased more 
rapidly.

4. � Although majority of authors found PHT to be independently associated 
with diastolic dysfunction, some authors suggested that observed changes 
are more likely attributed to associated risk factors which cluster with 
PHT.
Left ventricular diastolic dysfunction is an early and prominent sign of 

cardiovascular dysfunction in PHT.
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advanced HT status. In the Korean Genome study no statistically significant differ-
ences in LV systolic parameters, including EF and TDI systolic (Sa) velocity, were 
observed between PHT and NT [71]. Drukteinis et  al. found that circumferential 
end-systolic stress was significantly elevated in both young-to-middle-aged HT and 
PHT compared to NT, but the circumferential end-systolic stress/end-systolic vol-
ume index, a load-adjusted measure of chamber contractility, did not differ among 
groups after adjustment [4]. Interestingly, 2D longitudinal systolic strain appeared 
significantly lower both at mid septum and mid lateral level in PHT according to the 
results of DiBello et al. [69]. Longitudinal 2D strain rate at septum level confirmed a 
progressive impairment in PHT and HT compared to NT, both of systolic and dia-
stolic parameters. Instead, the radial and circumferential 2D systolic strain were 
comparable in all three groups and in all LV segments. Only longitudinal regional 
deformation (2D strain) appears altered in PHT and according to authors this could 
be related to an early abnormal systolic function limited to the subendocardial fibers. 
They observed the same even in PHT with normal LVMI.  Using MRI technique 
Sironi et  al. found that subjects with PHT as well as new-HT patients showed a 
graded reduction in systolic function, as documented by decreased LV shortening, 
despite normal ventricular volumes and pump function and similar values of wall 
stress [80]. The reduction in regional systolic function (LV circumferential shorten-
ing) was related to BP in a continuous fashion but as authors underlined, more inter-
estingly, to metabolic abnormalities such as increased epicardial and visceral fat 
accumulation, triglyceride concentration, and insulin resistance. LV shortening was 
reduced in PHT and new-HT patients in all 3 of the regions (basal, middle, and apical 
LV segments) as compared with a control group of NT. However, it was shown in 
10-year follow-up study that systolic function, contrary to diastolic function, did not 
display any substantial changes and Markus et al. suggested that this may indicate 
that persistent PHT does not affect contractility [77].

Box 34.7 Left Ventricular Systolic Function in PHT
1. � In PHT there are even fewer data on LV systolic function than on diastolic 

dysfunction.
2. � Using routine ECHO techniques LV systolic functions were reported by 

most of the authors to be normal in asymptomatic PHT subjects. It was 
observed even in elderly PHT subjects.

3. � Interestingly, using more sophisticated methods (2D strain ECHO, MRI) 
early changes in systolic dysfunction were found.

4. � Some authors raised the question whether PHT itself, i.e., BP values or 
metabolic abnormalities associated with PHT were significantly related to 
the reduction of LV systolic function in PHT.
Results on LV systolic dysfunction in PHT are controversial. More sophis-

ticated techniques found early systolic dysfunction but the question whether 
this is independently related to PHT or is influenced with clustered metabolic 
abnormalities is still opened.
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Associations of early CV disease markers with PTH in children, adolescents, 
adults, and elderly are summarized in Table 34.2. In children and adolescents there 
is no evidence for endothelial dysfunction and lack of associations were observed 
between PHT and retinal changes, MA and left ventricle systolic dysfunction. BP is 
an independent risk factor for increased arterial stiffness, however, cIMT, changes 
in LV structure and geometry and LV dysfunction are attributed also to obesity and 
clustered risk factors. On the contrary, in adults and elderly there are data on posi-
tive association of endothelial dysfunction, retinal changes, and MA with PHT. Only 
retinal changes were reported to be independently associated with BP, while associ-
ated clustered risk factors were found, beside BP, to have impact on all other mark-
ers of early CV dysfunction. Proposed diagnostic tests for detection of early CV 
dysfunction are shown in Table 34.2. For risk stratification and planning interven-
tion strategies ECG and PWV should be considered in all age groups, while MA 
could add information only in adults and elderly. PWV and MA were reported to be 
not only biomarkers of TOD but also to have prognostic value [66]. All other test 
could be suggested if they are available or more indicated (for instance ECHO in 
subjects with ECG determined LVH).

Early CV dysfunction is frequently present in PHT and early detection and iden-
tification of those individuals who are at higher global risk could enable us to start 
with more targeted interventions prior to occurrence of overt disease and nonfatal or 
fatal CV events.
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Stevo Julius, MD, ScD, has served as Professor of Medicine at the University of 
Michigan Medical Center for more than 50 years where he continues as Professor 
Emeritus. During that time, he has made numerous original and important scientific 
contributions. His initial research centered on defining personality characteristics 
and autonomic mechanisms in the hemodynamic profile of individuals with border-
line hypertension or prehypertension [1, 2]. Dr. Julius’ early work was instrumental 
in defining a key primary role for the sympathetic nervous system in borderline and 
established hypertension [3–5].

In the middle phase of his scientific career, Dr. Julius and colleagues documented 
a key primary role for the sympathetic nervous system in the pathogenesis of hyper-
insulinemia, insulin resistance, and the cardiometabolic syndrome [6–9]. All of the 
cardiometabolic phenomena were associated with increased heart rate, a marker of 
neurogenic activation. While an extensive body of research documents that excess 
caloric intake and obesity can drive the cardiometabolic syndrome [10], Dr. Julius 
demonstrated that elevated blood pressure was already present in young, normal 
weight children of hypertensive parents [8]. Excess weight gain and further eleva-
tion of blood pressure as well as multiple features of the cardiometabolic syndrome 
followed this early “prehypertensive” phase. Collectively, these data suggest that 
sympathetic activation with elevated blood pressure can precede the cardiometa-
bolic syndrome.
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During the latter part of his still active career, Professor Julius has worked with 
longtime colleagues on pharmacological interventions for the prevention and treat-
ment of hypertension [11–14]. The rational and provocative interpretation of the 
data from these trials has often challenged existing paradigms and stimulated criti-
cal thinking to enhance our understanding of hypertension-related risk and its miti-
gation. This review highlights several of Dr. Julius’ original scientific contributions 
and the many clinically insightful and relevant applications of that work.

35.1	 �Borderline Hypertension—The Early Years

Personality characteristics associated with prehypertension and hypertension. In 
1964, Harburg and Julius obtained blood pressures on 800 male undergraduate stu-
dents at the University of Michigan who were waiting in line to register for classes. 
From this group, 74 white men were selected for having systolic blood pressure (BP, 
mmHg) values either in the upper or lower end of the distribution [1]. Students were 
classified as having high or low systolic BP according to their paired casual (screen-
ing and first follow-up visit), usual (self-measured home BP). Of 21 persons with a 
high paired casual SBP >140, 16 also had repeated home SBP readings >131. 
Among this group, 11 had high home BP readings, defined as sustained hyperten-
sion. The BP patterns of these young men were then related with self-ratings on the 
Cattell 16 Personality Factor Questionnaire.

Sustained elevation of systolic BP in male college students was associated with 
“submissiveness” and “sensitivity” as defined by Cattell’s Questionnaire. Subjects 
with “high paired casual” systolic BP values described themselves as motivated to 
obtain social contacts, but in a “sensitive” and “anxious” manner. Subjects who 
were later selected for having a single high systolic BP on first entering the physi-
cian’s office (second casual reading) tended more frequently to yield in an argument 
and then afterwards to change their private opinions toward agreement with partners 
who had an initially low systolic BP [1].

A subsequent study in 1986 by Professor Julius and coworkers utilized advances in 
questionnaire methodology to more thoroughly dissect personality characteristics of 
young college males with elevated BP in the screening, clinic and home environments 
[2]. The questionnaires included Spielberger’s State-Trait Personality Inventory, the 
Anger Expression Scale, and the State Anger Reaction Scale [15]. As with the previ-
ous study [1], BP measurements were obtained on students waiting to register for their 
next semester classes. Undergraduate men in the upper end of the BP distribution 
were recalled to complete the questionnaires and to undergo self-measured home BP 
measurements. Two groups were identified. One group maintained high BP at home, 
and the second group had normal BP at home. Of interest, the group that maintained 
high BP at home reported greater intensity of anger and suppressed their anger to a 
greater extent than the group whose BP was normal at home.

The findings in this 1986 report were consistent with Alexander’s original work 
and hypothesis [16] that inhibition of angry or hostile impulses can increase systemic 
BP.  Moreover, the hypertensive personality has a long-term conflict between the 
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need for passive dependence and the need for expressing hostile impulses. According 
to Alexander, it is this long-term conflict which can lead to sustained elevation of 
arterial BP or hypertension, evident among young men in the 1986 report [2].

Linkage of anger to sympathetic activation and parasympathetic withdrawal. 
Marci et al. studied autonomic and prefrontal cortex responses to autobiographical 
recall of emotions [17]. Of emotions studied, anger was the only one to show a sig-
nificant increase in sympathetic activity, accompanied by a significant decrease in 
cardiac parasympathetic or vagal tone as measured by the high frequency compo-
nent of heart rate variability. While the study by Marci and colleagues is not the first 
to show that anger induces sympathetic activation, it is among the clearest to show 
a reciprocal and concomitant reduction of cardiac vagal tone.

The role of sympathetic activation and parasympathetic inhibition in the hyper-
kinetic hemodynamic profile of borderline hypertension. Dr. Julius and colleagues 
published a series of papers on the hemodynamics of borderline hypertension in the 
prestigious American Heart Association Journal, Circulation in 1971. One report 
captured their work on sequential autonomic blockade of β-adrenoceptors with the 
nonselective blocker propranolol followed by parasympathetic inhibition using 
atropine [3]. Both autonomic blocking agents were administered intravenously at 
doses known to fully block the respective systems.

At baseline, individuals with hyperkinetic borderline hypertension had higher 
values than normotensive controls for cardiac output and heart rate (Fig.  35.1). 
β-Adrenoceptor blockade led to a larger fall of cardiac output and heart rate among 
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Fig. 35.1  At baseline, heart rate and cardiac index are higher in hyperkinetic borderline hyperten-
sives than age- and sex-matched normal controls. After propranolol, heart rate and cardiac index 
decline more in the hyperkinetic than normal group, yet values remain higher in the former. With 
addition of atropine, heart rate and cardiac index increase less in the hyperkinetic than in the con-
trol group and significant between group differences were abolished
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individuals with hyperkinetic borderline hypertension. These data were consistent 
with increased cardiac beta-adrenergic tone in the hyperkinetic group. Yet, cardiac 
output and heart rate remained significantly higher in the hyperkinetic borderline 
hypertensive group than in the normal controls. When atropine was administered 
while continuing beta-adrenergic blockade with propranolol, cardiac output and 
heart rate increased less in subjects with hyperkinetic borderline hypertension than 
in normal controls. The responses to atropine indicate that cardiac parasympathetic 
tone is lower in hyperkinetic borderline hypertension than in normal controls.

Only after total cardiac autonomic blockade with both propranolol and atropine 
were the differences in cardiac output and heart rate no longer significantly different 
between the group with hyperkinetic borderline hypertension and healthy controls. 
These data indicate that the hyperkinetic state of borderline hypertension reflects a 
reciprocal autonomic abnormality characterized both by increased sympathetic and 
reduced parasympathetic tone.

Transition from hyperkinetic borderline hypertension to normokinetic borderline 
and established essential hypertension. Research on borderline or prehypertension 
consistently identifies a hyperkinetic subset of young individuals with elevated car-
diac output and a fast heart rate. Faster heart rates, even within the range of 
60–100 beats/min, which are considered normal, are a strong predictor of future 
essential hypertension [18], and many hyperkinetic subjects appear to develop clas-
sical established hypertension [19]. However, the hyperkinetic state is much less 
common in adults with hypertension. Thus, transition from the hyperkinetic border-
line hypertension to normokinetic, high-resistance hypertension almost certainly 
occurs and is supported by data from sequential hemodynamic studies [19].

In fact, Julius and colleagues provided further evidence that individuals with bor-
derline hypertension and normal cardiac output may represent a later phase of the 
prior hyperkinetic state. More specifically, baseline heart rate was elevated less 
among individuals with borderline hypertension and normal cardiac output than in 
prior studies of the hyperkinetic subset with borderline hypertension. Following car-
diac autonomic blockade with intravenous propranolol and atropine, their cardiac 
output was lower than normal controls [20]. Heart rate responses to the β-agonist 
isoproterenol were less in borderline hypertensives with normal cardiac output than 
in demographically matched normotensive controls. The borderline blood pressure 
elevation in subjects with normokinetic borderline hypertensive was maintained by 
an elevated vascular resistance. Compared to normokinetic group with borderline 
hypertension, the higher blood pressure in established hypertension reflects a further 
increase of vascular resistance as a normal cardiac out is maintained.

Of note, while hypertension in obesity was identified as a state of high cardiac 
output and normal vascular resistance, vascular resistance is elevated when com-
pared to obese, demographically matched normal controls [21, 22]. The Ann Arbor 
group documented that forearm vasodilator responses to regional infusion of phen-
tolamine were greater in overweight and obese than in leaner subjects, despite 
higher baseline flows with normal resistance in the obese group [23]. The inappro-
priately normal vascular resistance in obese subjects with elevated blood pressure is 
maintained by enhanced vascular alpha-adrenergic tone similar to the increased 
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vascular α-adrenergic tone similar to that observed in neurogenic, high-renin hyper-
tension [4, 5].

Mechanisms underlying the hemodynamic transition from hyperkinetic border-
line hypertension to normokinetic hypertension. Autoregulation. Dr. Arthur 
Guyton and colleagues demonstrated that volume expansion leads to increased car-
diac output and tissue perfusion in excess of metabolic demands [24]. When this 
occurs, most organ systems increase vascular resistance to reestablish the balance 
between metabolic demands and supply, which raises arterial blood pressure. The 
phenomenon of matching blood flow to metabolic demands by varying vascular 
resistance is termed “autoregulation” [25].

Basis for an alternative explanation to autoregulation for the hemodynamic tran-
sition from hyperkinetic borderline to established hypertension with normal cardiac 
output. Studies in borderline hypertension provided two important pieces of evi-
dence contrary to autoregulation as the mechanism for the hemodynamic transition. 
First, plasma volume was lower and not higher among borderline hypertensives 
than normal controls, when adjusted for body weight or when compared in weight-
matched individuals with borderline hypertensive to healthy controls [26]. Second, 
in subjects with hyperkinetic borderline hypertension, higher cardiac output 
occurred together with greater total body oxygen consumption [27]. In fact, the 
regression line for cardiac output versus total body oxygen consumption was the 
same in subjects with borderline hypertension and demographically matched nor-
mal controls. The stimulus for autoregulation, based on whole body studies, was not 
apparent in hyperkinetic borderline hypertensives.

Neurogenic and vascular transformation. An alternative explanation for the 
hemodynamic transition from hyperkinetic borderline to normokinetic borderline 
and essential hypertension: Focus on decreased β-adrenergic sensitivity, cardiovas-
cular remodeling and increased vascular α-adrenergic tone.

Cardiac changes. Sustained increases in cardiac sympathetic drive lead to 
decreased chronotropic and inotropic responses to β1-adrenoceptor activation [20, 
28, 29]. Furthermore, a decline in left ventricular compliance may contribute to 
lower stroke volume in patients with normokinetic mild hypertension [20, 30]. 
More specifically, Julius and colleagues documented that stroke volume in patients 
with mild hypertension was lower than in normotensive controls following cardiac 
autonomic blockade with propranolol and atropine. Stroke volume following car-
diac autonomic blockade becomes largely dependent on end-diastolic volume. In 
these studies, cardiopulmonary blood volume was similar in hypertensive adults 
and normotensive controls, which suggests similar levels of preload [20, 30].

A stiffer, less compliant left ventricular in hypertensives could lead to lower 
ventricular volume end-diastole and a reduced stroke volume [28]. Decreased car-
diac compliance, in turn, most likely reflects early cardiac restructuring in response 
to long-standing mild blood pressure elevation. Julius and coworker proposed that 
the combination of downregulation of cardiac β1-adrenergic receptors with decreased 
chronotropic and inotropic responses to sympathetic drive together with decreased 
cardiac compliance and stroke volume contribute to the normalization of cardiac 
output in established hypertension [31].
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Vascular changes. Concurrent structural vascular remodeling supports the pro-
gressive rise in vascular resistance. Sustained blood pressure elevation leads to 
remodeling of the arterial wall. Increased sympathetic stimulation is also well-doc-
umented vascular trophic factor [32, 33]. Thus, individuals with neurogenic border-
line and established hypertension appear especially prone to cardiac and vascular 
remodeling. While medial smooth muscle hypertrophy with an increase in muscle 
wall mass can occur, the predominant change may reflect remodeling of the wall 
mass around a small vascular lumen based on anatomical studies in Denmark and 
physiologic studies in Ann Arbor [34, 35]. With either true hypertrophy with an 
increased vascular wall mass or remodeling of the vascular media with a normal 
wall mass surrounding a small lumen, the vascular wall:lumen ratio increases. In 
this setting, minimum vascular resistance is higher and vasoconstrictor responses 
are nonspecifically amplified. Folkow and colleagues were the pioneers in showing 
how an increased wall:lumen ratio contributes to hypertension by nonspecifically 
augmenting vascular resistance responses to vasoactive stimuli [36].

Subsequent studies by Dr. Julius and colleagues in relatively young subjects with 
Stage 1 hypertension compared to demographically and weight-matched normoten-
sive controls were consistent with vascular remodeling as a nonspecific amplifier of 
arterial resistance in response to different vasoconstrictors (Fig. 35.2) [37]. Folkow’s 
criteria for vascular remodeling as an amplifier of resistance responses were met in 
the Stage 1 hypertensive compared to matched controls including: (1) minimum 
forearm vascular resistance, an index of vascular remodeling, (2) vascular sensitiv-
ity to both vasoconstrictors, as estimated by the concentration required to induce 
30% of the maximal vasoconstrictor response, was similar, (3) forearm vasocon-
strictor responses to both norepinephrine and angiotensin were characterized by a 
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steeper slope, and (4) greater maximum resistance responses. (5) forearm vascular 
responses to both vasoconstrictors were ‘non-specifically’ enhanced and also 
directly related to the minimum vascular resistance, a measure of vascular remodel-
ing. Moreover, the vasodilator response to phentolamine was significantly greater in 
subjects with Stage 1 hypertension than in controls indicating greater vascular 
alpha-tone. The latter finding coincides with earlier studies by Drs. Esler, Julius and 
colleagues described next.

Neurogenic borderline and established essential hypertension. The investigative 
team then documented that adding systemic α-adrenergic blockade with phentol-
amine to cardiac autonomic blockade with propranolol and atropine normalized 
arterial blood pressure in approximately one-third of subjects with borderline 
hypertension (Fig. 35.3) [4, 5].

These subjects were characterized by high-renin values, which likely reflected 
increased sympathetic drive to β1-receptors on the juxtaglomerular cells, which 
stimulate renin secretion. The fact that acute and total autonomic blockade normal-
ized blood pressure by reducing vascular resistance suggested to the authors that 
angiotensin probably did not play a critical role in the elevated blood pressure of 
borderline hypertensive subjects with high plasma renin values.

The investigators subsequently extended their observations on high-renin and 
neurogenic hypertension to adults with established essential hypertension [5]. 
Subsequent studies using more contemporary methodologies including muscle 
sympathetic nerve activity and norepinephrine turnover documented sympathetic 
overactivity is present in a substantial proportion of adults with essential hyperten-
sion including those who are obese [38, 39].
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Fig. 35.3  Three groups of subjects with borderline hypertension were studied. The three groups 
included subjects with low renin (closed triangles), normal renin (open triangles), and high renin 
(open circles) borderline hypertension. All three groups with borderline hypertension had higher 
mean blood pressure (MBP, mmHg) at rest than healthy controls. Following total autonomic block-
ade with propranolol, atropine, and phentolamine, MBP fell only in the high renin group and was 
no longer significantly greater than MBP in normal controls (closed circles)
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Renal norepinephrine spillover is increased in both obese hypertensives and nor-
motensives, whereas cardiac norepinephrine spillover is higher only in obese hyper-
tensives. The increased renal sympathetic activity likely supports the volume 
expansion with obesity and in obesity hypertension, while increased sympathetic 
drive to other organs including the heart appears to contribute to the elevated blood 
pressure. One might postulate that the increased systemic blood pressure should 
suppress renal and cardiac sympathetic activity in the hypertensive obese subset. 
The fact that renal sympathetic activity is increased and not suppressed in obese 
hypertensive adults indirectly supports the premise by Guyton and colleagues that 
factors intrinsic or extrinsic to the kidney that increase sodium-volume retention are 
required to sustain hypertension [24, 25].

Sympathetic activation and the cardiometabolic syndrome. In a population-based 
community sample in Tecumseh, Michigan, Dr. Julius and colleagues demonstrated 
that heart rate, a marker of sympathetic activation, correlated with several metabolic 
features of the cardiometabolic syndrome among young adults in the early phase of 
hypertension (Fig. 35.4) [40].

The relationship between heart rate and hyperinsulinemia was especially strong. 
The hyperinsulinemia most likely represents a compensatory response to insulin 
resistance as identified by the inverse relationship with HDL cholesterol and direct 
link with hypertriglyceridemia.

Skeletal muscle is a key target organ for insulin action [41]. Resistance to insu-
lin-mediated glucose disposal, a dominant feature of the cardiometabolic syndrome, 
is exacerbated by increased vascular alpha-adrenergic tone [9, 42–44], a key feature 
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Fig. 35.4  Among young adults in Tecumseh, Michigan, Dr. Julius and colleagues documented 
that resting heart rate was highly correlated with plasma insulin, strongly correlated with fasting 
glucose (Glc) and total cholesterol (Chol), and modestly yet significantly with high-density lipo-
protein cholesterol (HDL) and trigyclerides (Trig). Three arrows denotes significance at p < 0.001, 
two arrows p < 0.01, and a single arrow p < 0.05. Arrows pointing up and to the right indicate a 
positive association between heart rate and metabolic variables, whereas the arrow pointing down 
and to the left indicates a negative association
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of neurogenic hypertension [4, 5]. Drs. Jamerson and Julius demonstrated that insu-
lin-mediated glucose disposal in the human forearm was acutely reduced in response 
to thigh-cuff inflation. Thigh-cuff inflation pools blood in the lower extremities, 
thereby unloading cardiopulmonary mechanoreceptors and inducing reflex forearm 
vasoconstriction [9]. In fact, reflex neurogenic vasoconstriction induced a greater 
degree of forearm insulin resistance than an intra-arterial norepinephrine infusion, 
which reduced forearm blood flow to the same extent as thigh cuff inflation [44]. 
Thus, reflex neurogenic vasoconstriction reduced glucose utilization by mecha-
nisms in addition to reduced blood flow (Fig. 35.5) [44].

The authors cited studies indicating that reflex neurogenic vasoconstriction reduces 
the number of open capillaries in skeletal muscle. Moreover, capillary density in skel-
etal muscle is a major determinant of insulin-mediated glucose disposal in this tissue 
[45]. Their experimental data suggested that neurogenically mediated vasoconstric-
tion [9, 44], observed in high-renin patients with borderline and established essential 
hypertension [4, 5], significantly diminishes insulin-mediated glucose disposal in 
skeletal muscle. This notion is consistent with studies showing that selective α1-
adrenoceptor antagonists improve insulin-mediate glucose disposal in hypertensive 
patients to a greater extent than renin-angiotensin system blockers [42, 43].

40

80

60

100

120

140

Adapted from K Jamerson, et al: Hypertension 1993 9 

O2 and glucose utilization (mg/dL/min)

Baseline Insulin Infusion Insulin Infusion
I+ acute vasoconstriction

Insulin Oxygen extraction P <0.05

* P <0.02

∗

∗

10 20 40 60 80 100 120 140
0

20

Time (min)

Fig. 35.5  After a 30-min baseline period, insulin was infused regionally to raise forearm insulin 
~100 uU/mL for 90 min. Glucose utilization after 40–60 min of regional insulin rose 4–5-fold from 
baseline values. Thigh cuff inflation (beginning 60  min after the regional insulin infusion and 
continuing during thigh cuff inflation) minutes reduced forearm blood flow 19% and glucose utili-
zation fell 23%, p < 0.02 [9]
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Clinical importance of neurogenic effects on cardiometabolic variables. Effective 
antihypertensive therapy reduces stroke more than myocardial infarction [46, 47]. 
One potential explanation for the differential benefit of antihypertensive therapy is 
that hypertension is frequently associated with multiple other cardiovascular risk 
factors that raise the risk for myocardial infarction more than the risk for stroke. In 
fact, increased sympathetic tone may be involved in the genesis of multiple, pres-
sure-independent coronary risk factors in hypertension [31].

Hypertension is frequently associated with hyperinsulinemia and insulin resis-
tance [48]. Insulin resistance is frequently accompanied by a complex atherogenic 
dyslipidemia characterized by increased triglycerides, reduced HDL cholesterol, 
and an increased number of dense LDL cholesterol particles [49]. Julius and col-
leagues provided evidence that these cardiometabolic risk factors are related to 
increased sympathetic drive [9, 40]. They previously reported that increased sympa-
thetic drive is associated with a relative resting tachycardia and elevated hematocrit 
[3, 26]. All of these factors (overweight/obesity, hyperinsulinemia, insulin resis-
tance, dyslipidemia, tachycardia, higher hematocrit) are established risk factors for 
coronary heart disease and sudden death [31, 49–52].

Increased sympathetic drive and obesity: β-adrenoceptor downregulation and 
thermogenesis. Julius and colleagues documented that hyperkinetic borderline 
hypertension was characterized by increased cardiac output, which was matched to 
heightened oxygen consumptions [3, 27]. However, as noted previously, persistent 
excess sympathetic drive leads to desensitization or downregulation of 
β-adrenoceptors. The Ann Arbor group in collaboration with Italian colleagues 
explored the connection between downregulation of cardiac and thermogenic 
responses to the β-adrenoceptor agonist isoproterenol [53]. Subjects for this study 
included hypertensive adults and normal controls of comparable age but with lower 
body mass indices. The investigators documented that baseline heart rate was higher 
in the hypertensive group but that the responses of heart rate and oxygen consump-
tion to isoproterenol were blunted in the hypertensive group. In fact, the chrono-
tropic and thermogenic responses to isoproterenol were inversely related to urinary 
norepinephrine, an index of sympathetic drive.

Repeated neurogenic pressor episodes and future hypertension. A long-standing 
hypothesis posits that repeated neurogenic pressor episodes lead to sustained hyper-
tension by inducing cardiovascular remodeling and renal injury [31]. Dr. Julius and 
colleagues described a reproducible hypertensive response to modest compression 
of both hind limbs in dogs using a fitted suit inflated to 30 mmHg [54]. While the 
inflation produced no discernible discomfort, systolic blood pressure rose approxi-
mately 30 mmHg 60–90 min after suit inflation and was maintained for the duration 
of 6-h hind limb compression. Heart rate also rose approximately 15 beats/min dur-
ing hind limb compression. Over 9 weeks, 6 h of daily hind limb compression did 
not raise resting systolic blood pressure or heart rate but resulted in a 25–30% 
increase in left ventricular muscle mass. Thus, repeated neurogenic elevations of 
blood pressure sufficient to induce significant cardiac remodeling did not lead to 
sustained hypertension. While these experiments do not disprove the hypothesis 
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that repeated neurogenic pressor episodes lead to sustained hypertension, the find-
ings, nevertheless, raise questions.

In related studies, Julius and coworkers showed that the pressor responses to hind 
limb compression could be abolished by combined α- and β-adrenoceptor blockade 
but not by individual blockade of α- or β-adrenoceptors. In fact, in the presence of 
α-adrenoceptor blockade, dogs experienced the same hypertensive response to thigh 
cuff inflation mediated by a greater rise of cardiac output when neurogenic vasocon-
striction was constrained. Conversely, during β-adrenoceptor blockade, the usual 
pressor response was mediated by a larger rise of vascular resistance when the 
increase of cardiac output was constrained. These and other observations led Julius 
and colleagues to consider the “pressure” seeking properties of the nervous system, 
which can be satisfied with variable contributions of flow and resistance [53].

Evidence of increased sympathetic tone in human hypertension has also been 
documented in human platelets. Kjeldsen and coworkers documented increased 
thromboglobulin, reflecting increased platelet turnover, and plasma epinephrine as 
well as a correlation between these two variables in hypertensive patients [55]. In 
subsequent studies in collaboration with the Ann Arbor group, Kjeldsen docu-
mented an inverse relationship between platelet noradrenaline, a marker for 
increased sympathetic drive, and decreased β-adrenoceptor responses [56]. The data 
suggest that increased sympathetic drive increases platelet turnover. Moreover, 
platelet norepinephrine, a long-term marker of sympathetic drive, is elevated in 
hypertension and is predictive of decreased β-receptor responses. These studies pro-
vide novel methodologic confirmation of excess sympathetic drive and downregula-
tion of β-adrenoceptor responsiveness in hypertensive patients.

Summary of Dr. Julius work on increased sympathetic drive and multiple cardio-
vascular risk factors. As summarized in Fig. 35.6 [57], increased sympathetic drive, 
manifest as a faster heart rate, is strongly and positively correlated with blood pres-
sure and hyperinsulinemia as well as glucose, triglycerides, cholesterol, hematocrit, 
and body mass index, and inversely correlated with HDL cholesterol. Moreover, 
suppressed anger appears to underlie the sympathetic activation and parasympa-
thetic withdrawal, which unleash a cluster of risk factors for cardiovascular disease. 
During the next phase of his productive scientific career, Dr. Julius and colleagues 
focused efforts on preventing hypertension and its cardiovascular consequences.

Clinical trials to advance knowledge on preventing hypertension and its clinical 
consequences. Trial of Preventing Hypertension (TROPHY) [57]. In the more con-
temporary phase of his still active career, Professors Julius and colleagues con-
ducted a landmark trial on preventing hypertension in subjects with prehypertension 
as defined by resting blood pressures in the 130–139/85–89 mmHg range. While 
blood pressure in this range has been defined as prehypertension since 1939 [58], 
the 2017 Hypertension Guideline developed by the American College of Cardiology 
and the American Heart Association now defines Stage 1 hypertension by blood 
pressure values of 130–139/80–89  mmHg [59]. Given this evolution in defining 
Stage 1 hypertension, TROPHY assumes even greater significance.

In TROPHY, approximately 800 subjects with repeating clinic blood pressure 
values in the 130–139/85–89  mmHg range were randomized to lifestyle 

35  Neurogenic Mechanisms in Prehypertension and Pharmacologic Approaches



564

intervention and the angiotensin receptor blocker, candesartan, or to lifestyle and 
placebo control [11]. After 2 years, candesartan was withdrawn and all subjects 
were followed for 2 additional years. As shown in Fig. 35.7, during the first 2 years, 
more subjects randomized to placebo developed hypertension than those random-
ized to candesartan, 40.4% versus 13.6%, p < 0.001. Thus, active treatment with 
candesartan reduced incident hypertension by two-thirds.
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Fig. 35.6  High sympathetic tone as reflected by elevated heart rate, was very highly correlated 
with elevated blood pressure and insulin, strongly related to glucose and cholesterol and signifi-
cantly related to HDL cholesterol, triglycerides, body mass index, and hematocrit
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Fig. 35.7  Subjects with BP 130–139/85–89 randomized to candesartan (blue line) developed 
hypertension at 1/3 the rate of those on placebo during the 1st 2 years. While some “catch up” 
occurred in Years 3 and 4 when both groups received placebo, those initially on candesartan had a 
15.8% relative reduction of incident hypertension at 4 years
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At 4 years, among subjects that had taken candesartan the first 2 years, 53.2% of 
them developed hypertension as compared to 63.0% in the placebo control group, 
p < 0.001, or a 15.6% relative reduction in incident hypertension [11]. It could be argued 
that most of the benefit for hypertension prevention was lost when candesartan was 
withdrawn. However, the 15.6% relative reduction of incident hypertension 2 years after 
candesartan was withdrawn is comparable to the reduction of incident hypertension 
seen with intensive and persistent lifestyle intervention over the same time period.

Given challenges with improving lifestyle patterns in the general population, 
pharmacotherapy provides a safe alternative for hypertension prevention. In fact, 
during the four  years of TROPHY, serious adverse events occurred in 5.9% of 
patients assigned to the placebo group versus 3.5% among those randomized from 
the active treatment group. With the recent designation of Stage 1 hypertension as 
blood pressures in the 130–139/80–89 mmHg range, TROPHY is among the stud-
ies showing that blood pressure can be safely and effectively lowered in these 
individuals. More specifically, the 2017 ACC/AHA Hypertension Guideline rec-
ommends pharmacotherapy for Stage 1 hypertension when it occurs in conjunction 
with either clinical cardiovascular disease or a 10-year cardiovascular disease risk 
≥10% [58].

Valsartan, amlodipine long-term evaluation (VALUE) study. Importance of 
early blood pressure control [12]. Professor Julius was a lead investigator on this 
important clinical trial, which generated some important and unexpected insights 
into preventing cardiovascular events in subjects at high risk. Among the important, 
unexpected insights, VALUE results indicated that differences in hypertension con-
trol during the first 3–6 months of the trial contributed to an excess of cardiovascular 
events. While conventional wisdom contends that it is important to “start low” and 
“go slow” when treating hypertension in an older, high-risk population, VALUE 
suggested that “starting too low” with pharmacotherapy, e.g., 80 mg valsartan, and 
“going too slow” in up-titrating doses and adding other classes of antihypertensive 
medications can lead to serious clinical cardiovascular events. Thus, it is important 
to balance the adverse effects of more rapid (aggressive) hypertension control with 
the benefit of fewer cardiovascular events.

Importance of the number of antihypertensive medications [13]. Another 
important and somewhat unexpected finding of VALUE was that among individuals 
requiring more than initial monotherapy in an attempt to control their hypertension, 
there was not a significant difference in clinical outcomes between those who did 
and did not attain hypertension control. The conventional wisdom is that the princi-
pal benefit of treating hypertension is mediated by blood pressure reduction, irre-
spective of the means by which control is attained. This iconoclastic finding in 
VALUE has been supported by a number of studies showing that blood pressure 
control among individuals with treatment resistant hypertension leads to less than 
expected benefits of blood pressure reduction. Individuals requiring more medica-
tions to achieve hypertension control may well be a higher-risk subset with greater 
degrees of insulin resistance and target organ damage [59]. Nevertheless, data that 
they do not attain more of the expected benefits of blood pressure reduction will 
hopefully lead to insights that improve their clinical management and outcomes.
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Importance of heart rate in treated hypertensive patients Heart rate is long 
recognized as a cardiovascular risk factor [31, 57]. Heart rate reduction with 
β-blockers is linked to improved clinical outcomes in patients with coronary heart 
disease or with heart failure with reduced ejection fraction [60, 61]. Yet, the impor-
tance of heart rate as a predictor of outcomes in a high-risk group of treated hyper-
tensive patients not selected specifically for coronary heart disease or chronic heart 
failure has not registered as a significant clinical topic prior to a re-analysis of 
VALUE trial data (Fig. 35.8) [14].

In this insightful analysis, Dr. Julius and coworkers showed that both blood pres-
sure and heart rate significantly impacted the primary outcome of fatal and nonfatal 
heart disease and stroke. Within both the uncontrolled and the controlled subgroups 
of hypertensive patients in VALUE, those with resting heart rate of 80 bpm and 
higher had worse outcomes than those with lower resting heart rate values.

In summary, more than 50 years of research by Professor Julius and colleagues 
has documented a key role of high levels of anger and especially suppressed anger 
in the pathogenesis of elevated blood pressure. Evidence indicates that anger acti-
vates the sympathetic nervous system, while reduce parasympathetic tone. The Ann 
Arbor group showed that this reciprocal dysfunction of the two limbs of the auto-
nomic nervous system underlies the hyperkinetic borderline hypertension and may 
be operative in neurogenic, high-renin hypertension. Dr. Julius and coworkers also 
documented a role for sympathetic activation in cardiometabolic risk and the car-
diovascular continuum. In the most recent phase of research, attention has focused 
on national and multinational studies on the prevention and treatment of hyperten-
sion, which have yielded useful insights that have important implications for hyper-
tension and cardiovascular disease prevention.
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Fig. 35.8  Individuals in the upper quintile of resting heart rate (HR, ≥80 bpm) had more primary 
cardiovascular events than those with uncontrolled hypertension but resting HR in the lower four 
quintiles (<80 bpm). In multivariable hazards regression, among individuals with controlled hyper-
tension those with faster heart rates had 53% more cardiovascular events (HR 1.53 [95% CI 
1.26–1.85])
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36.1	 �Introduction

Raised blood pressure (BP) has become the leading cause of non-transmissible 
chronic disease, particularly of cardiovascular disease. An aggregate analysis of 844 
studies, conducted in 195 countries and territories, projected that in 2015, about 3.5 
billion adults had systolic BP of at least 110 to 115 mm Hg and 874 million adults 
had systolic BP of 140 mm Hg or greater [1]. Projections from these data indicate 
that these levels BP exposed a large number of individuals to disability-adjusted life 
years (DALYs), mainly due to ischemic heart disease, followed by hemorrhagic 
stroke and ischemic stroke. Estimate based on data from World Health Organization 
regions found that about 62% of cerebrovascular disease and 49% of ischemic heart 
disease were attributable to SBP >115 mm Hg [2].

In the first decade of this century, there was an increase in the global discrepan-
cies between the prevalence of hypertension and the control rate. There was a drop 
of 2.6% in prevalence in high-income countries, versus 7.7% raise in low- and mid-
dle-income countries. Similarly, controlled hypertension increased substantially in 
high-income countries (17.9–28.4%), and less in low- and middle-income countries 
(8.4–7.7%) [3]. The trends in Brazil are similar. A meta-analysis of population-
based studies estimated a 28.7% (95% CI: 26.2–31.4%) prevalence of hypertension 
among adults [4], and 68.9% (95% CI: 64.1–73.3%) in elderlies [5], with less than 
one-third of patients having controlled BP (BP). In a cohort study conducted in 
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southern Brazil, the risk attributed to hypertension on the incidence of cardiovascu-
lar events was 61% [6].

The epidemiological transition has already taken place in Brazil, and noncom-
municable chronic diseases are already the main cause of morbidity and mortality. 
Brazilian health authorities prioritized hypertension among these problems, allocat-
ing resources to investigate strategies of reducing the consequences of hypertension. 
Among the projects funded by the Ministry of Health is the PREVER study. In this 
study, the same logistic was used to answer two questions of current interest in the 
prevention and management of hypertension: what is the effectiveness of an inter-
vention to prevent the incidence of hypertension and what is the best drug option for 
the initiation of treatment initiation. The PREVER study consisted of two random-
ized, phase III, multicenter trials: the PREVENT-PREVENTION and PREVER-
TREATMENT. The two studies are presented below.

36.2	 �PREVER Prevention Trial

36.2.1	 �Background and Aims

The risks of high BP are continuous and start at very low values, at least 115/75 mm 
Hg in adults [7]. This continuous risk of BP for cardiovascular events could not be 
used for clinical purposes, and a dichotomous definition of hypertension was there-
fore required. Older studies, with small samples, identified the risk when its abso-
lute increase was high [8]. The values went progressively down, but 60 years ago 
were still set at 160/95 mm Hg [9]. In 1977, with diagnosis based mostly on dia-
stolic BP, hypertension was diagnosed when diastolic BP was equal or higher than 
100 mm Hg [10]. Interestingly, the risks of BP between 90 and 100 mm Hg, called 
borderline hypertension at that time, were already evident, both for cardiovascular 
mortality and morbidity, as for target organ damage [11]. Treatment was proposed 
for young individuals with other risk factors or evidences of target organ damage. 
Anticipating the modern methods of BP measurements, Stevo Julius and coworkers 
recommended the treatment when the average of 14 BP measurements, taken at 
home, were 140/90 mm Hg or higher, independently of the presence of risk factors 
or target organ damage [12].

When the risks of BP below 140/90 mm Hg became evident, the term prehyper-
tension was coined. Prehypertension—SBP between 120 and 139 or diastolic BP 
between 80 and 89  mm Hg—was presented in the Seventh Report of the Joint 
National Committee (JNC 7), to identify an intermediate category of risk [13]. It 
was, somehow, equivalent to the old borderline definition for higher values. The 
higher precision in the identification of risk, accumulating evidences from dozens of 
cohort studies, and also from more precise methods of BP measurement, estab-
lished, beyond reasonable doubt, that prehypertension carries on several risks and 
should be a focus of intervention.

In addition to being a risk factor for cardiovascular disease, prehypertension 
increases the risk of developing hypertension and promotes target organ damage. In 
a cohort study conducted in the city of Porto Alegre, Brazil, four out of five 
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individuals with prehypertension developed hypertension in 10 years [14]. In the 
MONICA cohort, prehypertension was associated with risk for increasing left ven-
tricular mass, compared to normal pressure [15]. A cohort study conducted in the 
Chinese population showed a similar pattern of cardiovascular deaths attributed to 
hypertension, 51.9% (95% CI 49.6–54.3) in men and 49.1% (95% CI 46.3–51.9) in 
women. In addition, it was established the attributable risk for prehypertension, 
ranging from 13.0% (95% CI 10.9–15.1) in men and 11.5% (95% CI 9.3–13.7) in 
women [16]. In the ARIC cohort, prehypertension increased LV remodeling and 
impaired diastolic function [17].

The consequences of prehypertension prompted to the development of two trials, 
which pioneering tested the efficacy of BP-lowering agents in prehypertension. In 
the first one, participants with prehypertension stage II—130 to 139 mm Hg of SBP 
or 85 to 89 mm Hg of diastolic BP—were randomly assigned to receive 2 years of 
candesartan or placebo, followed by 2 years of placebo for all [18]. Participants who 
developed stage 1 hypertension started treatment with BP-lowering agents. Both 
groups received recommendations for lifestyle changes. The 2-year results showed 
an incidence of hypertension of 13.6% in the candesartan arm versus 40.4% in the 
placebo group (P < 0.001), with a relative risk reduction of 66.3%. At the end of the 
four-year follow-up, 63.0% participants in the placebo group developed hyperten-
sion versus 53.2% of those in the candesartan group, with a relative risk reduction 
of 15.6%. The incidence of hypertension tended to approximate after 2 years of 
drug suspension. Treatment was well tolerated [18]. In the second trial, 1008 par-
ticipants with office BP (either SBP 130–139 or DBP 85–89 mm Hg or both) were 
randomized to treatment with ramipril or a control group [19]. At the end of the 
3-year follow-up, 30.7% in the ramipril group versus 42.9% in the control group did 
not develop hypertension, with a relative risk reduction of 34.4% [19].

Although there was strong evidence in favor of the effectiveness of pharmaco-
logical prevention of hypertension in individuals with high-normal BP, a clinical 
trial was lacking to assess whether the treatment was able to reduce the incidence of 
hypertension in individuals with the full spectrum of prehypertension and whether 
it could, also, prevent target organ damage. The PREVER-PREVENTION trial was 
designed to answer these questions [20]. The study aimed to investigate whether the 
drug treatment of individuals with prehypertension would reduce the incidence of 
hypertension and left ventricular mass, assessing the tolerability to the 
intervention.

36.2.2	 �Methods

PREVER-Prevention was a randomized placebo-controlled trial, with blinding and 
concealment, conducted at 21 academic medical centers in Brazil. Details of the 
study can be seen elsewhere [21].

The eligibility criteria included age between 30 and 70 years, prehypertension, 
for those who not taking BP-lowering agents. Before randomization, all study par-
ticipants were enrolled in a 3-month lifestyle intervention. Advices were provided 
on weight loss, reduction in dietary intake of sodium, consumption of a DASH-type 
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(Dietary Approaches to Stop Hypertension) diet, and increase of physical activity. 
Participants whose mean BP was still within the prehypertension range after 
3 months of lifestyle intervention were randomized to receive a combined pill con-
taining 12.5 mg of chlorthalidone and 2.5 mg of amiloride or placebo, in a 1:1 ratio. 
Follow-up visits were done at 3, 6, 9, 12, 15, and 18 months after randomization.

The primary outcome was incidence of hypertension (systolic BP ≥140 mm Hg 
or diastolic BP ≥90 mm Hg), based on the average of 6 standardized BP measure-
ments, performed in 3 clinic visits [13, 22]. Self-reported adverse events, develop-
ment or worsening of microalbuminuria, changes in left ventricular mass (LVM), 
were secondary outcomes. Measurement of LVM was based on ECG recordings 
using Sokolow-Lyon and Cornell voltage and voltage-duration products [23, 24].

36.2.3	 �Main Results

A total of 730, out of 1433 participants included in the 3-month lifestyle interven-
tion phase, fulfilled the eligibility criteria for enrollment in the PREVER-
PREVENTION trial. Baseline characteristics and adherence to treatment participants 
to treatment were similar among the treatment arms. The incidence of hypertension 
was significantly lower in the chlorthalidone/amiloride group compared with pla-
cebo (hazard ratio 0.56; 95% CI 0.38–0.82; P = 0.003) (Fig. 36.1). The cumulative 
incidence of hypertension was 11.7% in the diuretic group compared with 19.5% in 
the placebo group (P = 0.004).
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Fig. 36.1  Incidence of hypertension according to treatment group during follow-up. HR indicates 
hazard ratio (reprinted with permission from the reference 20)
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The Sokolow-Lyon voltage and voltage duration product reduced by a greater 
extent in patients allocated to the active intervention than to placebo.

36.2.4	 �Conclusions and Perspectives

The findings of the PREVER-PREVENTION, TROPHY, and PHARAO trials con-
sistently documented the value of BP-lowering agents to prevent hypertension. The 
PREVER-PREVENTION showed this effect with a low dose of diuretics in the full 
range of prehypertension, and was the first to demonstrate beneficial effects on tar-
get organs. These studies added a piece of evidence supporting the view that prehy-
pertension is already hypertension and should be a focus of interventions aiming to 
reduce the burden of cardiovascular diseases.

36.3	 �PREVER Treatment Trial

36.3.1	 �Background and Aims

Approximately 50% of patients with hypertension can have their BP (BP) controlled 
with one BP-lowering agent. Even those who need two or more drugs usually start 
with one agent. Therefore, the choice of the first option is a critical issue, and should 
be based in reliable evidences. The major guidelines converge in the recommenda-
tions of drug choice. Despite stating that the effectiveness to lower BP is the main 
reason for the choice of the agent, guidelines gave preference for antagonists of the 
renin-angiotensin system. The last European Guidelines indicate an ACE-inhibitor or 
an ARB for a long series of conditions, such as left ventricular hypertrophy, microal-
buminuria renal dysfunction, atrial fibrillation, and diabetes mellitus, among others 
[25]. The NICE guidelines indicate ACE-inhibitors or ARB for patients younger than 
55 years, despite the complete absence of evidences to support it [26]. The better 
tolerability of ARB (the ACE-inhibitors without cough) has given to this class the 
worldwide preference in the management of hypertension.

This preference is not aligned with the best evidence. The promotion of antihy-
pertensive agents by pharmaceutical companies is sometimes based on trials with 
biased planning, presentation or interpretation of results [27]. Lisinopril, an ACE-
inhibitor, was less efficacious than chlorthalidone in the prevention of strokes in 
black participants, and cardiovascular disease and heart failure independently of 
race in the ALLHAT trial [28].

Diuretics were the only class of BP-lowering drugs that showed consistent supe-
riority over placebo in the prevention of stroke, coronary heart disease, heart failure, 
cardiovascular and all-cause mortality, as demonstrated in one report of the series of 
meta-analyses by Thomopoulos and coauthors [29]. The effect size was signifi-
cantly higher with diuretics, even against events that were prevented by other classes 
of drugs.

The main concern, however, is with the effectiveness of ARB [30, 31]. In several 
clinical trials with patients with different criteria for enrollment, such as 
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hypertension, heart failure, diabetes, stroke, atrial fibrillation, and others, ARB were 
not superior to placebo in the prevention of cardiovascular outcomes [32–38] 
(Fig. 36.2). Studies specifically designed to investigate the effectiveness of ARB in 
the prevention of incidence of recurrence of atrial fibrillation failed to demonstrate 
their effectiveness [36–41].

These and others clinical trials were included in several meta-analysis of studies 
comparing ARB to placebo and other drugs [42–46]. Among major outcomes, ARB 
were effective in the prevention of stroke and heart failure. In none, however, there 
was evidence that ARB were more efficacious than placebo to prevent myocardial 
infarction, cardiovascular and all-cause mortality.

Another relevant issue that argues against the effectiveness of ARB is the fraud 
committed in three major studies done with these agents, which were retracted from 
the literature [47–49].

There was no trial comparing the effectiveness of ARB with diuretics in the pre-
vention of cardiovascular outcomes [50]. We could not find also a clinical trial com-
paring the BP-lowering effect of diuretics and ARB.  Therefore we decided to 
compare these classes of BP drugs in regard to their BP effects and effects on sur-
rogate outcomes, the main outcomes of the PREVER-treatment trial [51]. We chose 
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the association of chlorthalidone with amiloride to compare with losartan. The pref-
erence for chlorthalidone was based on its superiority over hydrochlorothiazide in 
the prevention of cardiovascular events in a network meta-analysis [52], and on its 
higher and longer BP-lowering effect [53–55]. The association of amiloride aimed 
to antagonize the hypokalemia induced by chlorthalidone [56], which promotes a 
mild increase in blood glucose [57]. The Pathway-3 trial showed that the prevention 
of losses of potassium with amiloride prevented the increase in serum glucose in a 
glucose tolerance test, besides having a BP-lowering effect [58].

36.3.2	 �Methods

Details of the PREVER-TREATMENT trial were published on its protocol [59] and 
in the main report [51]. It was a randomized, double-blind, controlled trial, which 
included 655 participants who were followed for 18 months in 21 Brazilian aca-
demic centers. Trial participants were adult volunteers aged 30–70 years with stage 
I hypertension (BP 140–159 or 90–99 mm Hg), and no current use of BP-lowering 
medication. To be enrolled in the drug phase of the trial, participants should have 
uncontrolled BP after 3 months of a lifestyle intervention phase (recommendations 
for weight loss, dietary sodium reduction, adoption of a DASH-type diet, physical 
activity, and smoking cessation). Participants were randomized to 12.5/2.5 mg of 
chlorthalidone/amiloride (N = 333) or 50 mg of losartan (N = 322). If BP remained 
uncontrolled after 3 months, study medication dose was doubled, and if uncon-
trolled after 6 months, amlodipine (5 and 10 mg) and propranolol (40 and 80 mg 
BID) were added as open label drugs in a progressive fashion.

The primary outcome was difference in mean BP between the two treatment 
groups during follow-up. The proportion of patients with controlled hypertension, 
use of non-study BP-lowering medications, incidence of adverse events, develop-
ment or worsening of microalbuminuria and left ventricular mass estimated by ECG 
criteria were additional outcomes. Fatal and nonfatal major cardiovascular events 
were secondary outcomes.

36.3.3	 �Main Results

The mean difference in systolic BP during 18 months of follow-up was 2.3 (95% CI: 
1.2 to 3.3) mm Hg favoring chlorthalidone/amiloride. Compared to those random-
ized to diuretic, more participants allocated to losartan had their initial dose doubled 
and more of them used add-on antihypertensive medication (Fig. 36.3). Levels of 
blood glucose, glycosylated hemoglobin, and incidence of diabetes were no differ-
ent between the two treatment groups. Serum potassium was lower and serum cho-
lesterol was higher in the diuretic arm. Microalbuminuria tended to be higher in 
patients with diabetes allocated to losartan (28.5  ±  40.4 vs. 16.2  ±  26.7  mg, 
P = 0.09).
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36.3.4	 �Perspectives

The greater reduction in BP with treatment based on a combination of chlorthali-
done and amiloride compared to losartan, together with the superiority in the pre-
vention of cardiovascular outcomes, recommend diuretics as the first option for the 
management of hypertension. Since effective treatments for hypertension are 
increasingly demanded, it is prudent to start antihypertensive treatment with more 
efficacious drugs [8].
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Key Points 

•	 Hypertension is characterised by structural remodelling and endothelial 
dysfunction

•	 Antihypertensive drugs that target vascular health appear to be most efficacious 
in reducing cardiovascular events

•	 New blood pressure lowering drugs may also promote vascular health

37.1	 �Introduction

Hypertension is the most important modifiable risk factor for cardiovascular disease 
[1, 2] and effective blood pressure (BP) control is a priority to prevent significant 
cardiovascular morbidity and mortality [2]. Hypertension is associated with struc-
tural, mechanical and functional changes of the vascular system that contribute to 
increased arterial stiffness, reduced elasticity, increased vascular tone and endothe-
lial dysfunction [1, 3].

Hypertension-associated cardiovascular disease can be prevented or ameliorated 
by antihypertensive drugs through BP lowering and direct effects on target organs. 
Some antihypertensive drugs, such as angiotensin-converting enzyme (ACE) 
inhibitors (ACEIs), angiotensin II (Ang II) receptor blockers (ARBs) and some 
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diuretics, particularly mineralocorticoid receptor antagonists (MRAs), may have a 
direct effect on cardiac, renal and vascular function. Accordingly, drugs that lower 
BP and are organ-protective may have added benefits. Targeting the vascular system 
may prevent or repair vascular damage and promote vascular health [3]. Here we 
highlight vascular changes that characterise hypertension and discuss potential ben-
efits of targeting vascular health from a therapeutic viewpoint.

37.2	 �Vascular Biology of Hypertension

Hypertension is characterised by endothelial dysfunction, vascular remodelling, 
inflammation, calcification and arterial stiffness (Fig. 37.1) [1, 3]. These changes 
reduce the ability of arteries to adapt to tissue oxygen demands and culminate in 
target organ damage with associated ischaemia, infarction and injury [1]. The over-
all phenotype depends on interacting factors including genetics, physiological sys-
tems, diet, smoking, diabetes, dyslipidaemia and obesity [1, 4, 5]. When combined 
with pro-hypertensive factors there is vascular injury, arterial stiffening and early 
vascular ageing [1].

The pro-hypertensive phenotype involves activation of the renin-angiotensin-
aldosterone system (RAAS), inflammation and oxidative stress, which contribute to 
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Fig. 37.1  Schematic of factors that can contribute to hypertension-associated vascular changes: 
pro-inflammatory, pro-fibrotic, redox-sensitive and growth/apoptotic pathways cause structural, 
functional and mechanical changes with remodelling, calcification and endothelial dysfunction. 
RAAS renin angiotensin aldosterone system, Ang II angiotensin II, ET-1 endothelin-1, NO nitric 
oxide
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vascular injury. Molecular and cellular mechanisms implicated in these effects 
include reduced nitric oxide (NO) production, increased ROS generation, pro-
inflammatory and pro-fibrotic transcription factor activation, reduced collagen turn-
over, vascular calcification, smooth muscle cell proliferation and extracellular 
matrix (ECM) remodelling [1, 3]. This is exacerbated by increased Ang II, endothe-
lin-1 (ET-1) and aldosterone, which stimulate pro-fibrotic and mitogenic signalling 
cascades. Increased p38mitogen-activated protein kinases (p38MAPK), extracellu-
lar signal regulated kinases 1/2 (ERK1/2) and transforming growth factor-β (TGF-
β)/SMAD, galectin-3 and dysregulation of matrix metalloproteinases (MMPs) and 
tissue inhibitors of metalloproteinases (TIMPs) contribute to ECM remodelling and 
further vascular fibrosis [1].

37.2.1	 �The Extracellular Matrix and Vascular Fibrosis

The ECM is a fundamental component of connective tissue surrounding cells that 
maintains cellular and vascular integrity, as well as playing a critical role in cell 
signalling and regulation of cell-cell interactions. The relative quantities of collagen 
and elastin determine vascular biomechanical properties [1, 6, 7]. MMPs and TIMPs 
regulate the dynamic turnover of these components in the ECM and any imbalance 
leads to excess protein deposition, particularly collagen and fibronectin. Such depo-
sition, along with calcification and collagen cross-linking by advanced glycation 
end-products [1], contributes to vascular fibrosis and stiffening (Fig.  37.2) [1]. 
Fibrosis initially occurs as a reversible and adaptive repair process, which pro-
gresses into the neighbouring interstitial spaces with progressive loss of elasticity 
[1]. Excessive fibrosis replaces parenchymal tissue, resulting in tissue fibrosis and 
target organ damage affecting the heart, brain and kidney. The major clinical conse-
quences of these processes include heart failure, cerebrovascular disease, ischaemic 
heart disease and renal failure [1].

37.2.2	 �Oxidative Stress

Oxidative stress contributes to many molecular and cellular processes that evoke the 
vascular changes associated with hypertension. These include pro-inflammatory 
responses, oxidative modification of proteins, fibrosis and calcification, altered cal-
cium homeostasis and redox-sensitive pro-inflammatory and pro-fibrotic transcription 
factor activation. A state of chronic, low-grade inflammation develops, which is regu-
lated by enzyme systems that include NADPH oxidases (Nox) upregulation, endothe-
lial nitric oxide synthase (eNOS) uncoupling and excessive O2

− production by various 
Noxs and mitochondrial oxidases, resulting in endothelial dysfunction and vascular 
remodelling observed in hypertension [3, 8–11]. While xanthine oxidase also repre-
sents a source of ROS within the vasculature and may contribute to oxidative stress 
associated with hypertension, its precise role remains to be fully defined. [12]
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37.2.3	 �Salt and Inflammation

Animal models in which the “salt-sensitivity of blood pressure” trait[13] was inbred 
[14] led to identification of multiple key players in the compensatory pressure-natri-
uresis renal axis, including the RAAS, ET-1, and oxidative stress among many oth-
ers, which have been reviewed elsewhere [15]. Beyond expansion of extracellular 
fluid volume, salt appears to exert a direct effect on vascular function, particularly 
via imbalance between pro-fibrotic TGF-β and NO availability [16, 17], generation 
of oxidative stress [17–20] and induction of vascular hypertrophy [21]. In line with 
such evidence, recent studies point to discrete accumulation of sodium in tissue 
microenvironments [22–25], thus suggesting a direct effect of local/perivascular 
sodium storage in promoting vascular dysfunction [26]. Moreover, excess salt acti-
vates multiple immune mediators [27] that have emerged as key determinants of 
vascular health and hypertension via pro-inflammatory and, ultimately, pro-fibrotic 
mediators [28, 29]. Accumulation of salt in microenvironments might amplify this 
pro-inflammatory effect [30].
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37.3	 �Endothelial Function

The endothelium plays an essential role in vascular function through release of bio-
logically active substances that influence vascular tone [3, 31]. NO is the best char-
acterised relaxing factor and is derived via NOS which is constitutively active in 
endothelial cells [32–35]. NO is also released by neurohumoral mediators such as 
acetylcholine, bradykinin and by mechanical shear stress [31]. The endothelium 
also releases endogenous vasoconstrictors such as ET-1 [31, 36, 37]. The healthy 
endothelium has a vasodilator, anti-inflammatory and anti-thrombotic phenotype. 
However dysfunctional endothelium is pro-inflammatory, pro-thrombotic and has 
impaired vasodilator responses [3]. Consequently, endothelial dysfunction is central 
in the phenotypical changes associated with hypertension [38].

37.3.1	 �Assessing Endothelial Function

Endothelial function can be assessed by various methods including brachial artery 
flow-mediated dilatation (FMD) or venous occlusion plethysmography [38, 39]. 
These approaches measure vasomotor responses to pharmacological or mechanical 
stimuli [38]. NO and endothelium-derived hyperpolarising factor (EDHF) are funda-
mental mediators of endothelium-dependent vasodilatation [3, 38]. Reduced NO bio-
availability is a key characteristic of endothelial dysfunction [3]. Endothelial 
dysfunction can also be examined at the cellular and molecular level by assessing 
endothelial cell proliferation, vascular permeability and leucocyte/endothelial cell 
interactions [40]. Endothelial microparticles have recently emerged as a novel bio-
marker of endothelial function [40]. Severity of hypertension correlates with impaired 
endothelial function and antihypertensive therapies which improve endothelial func-
tion appear to be associated with reduced cardiovascular risk [38, 41, 42].

37.3.2	 �Hypertension and Endothelial Dysfunction

As outlined, reduced NO bioavailability is central to the pathophysiology of hyper-
tension-associated endothelial dysfunction, due in large part from reduced NO pro-
duction and NO inactivation due to oxidative stress and vascular inflammation [38, 
40, 43]. This promotes vasoconstriction and contributes to local inflammatory 
responses, leucocyte adhesion, vascular remodelling and arterial stiffness. Additional 
factors contributing to reduced NO bioavailability include elevated concentrations 
of endogenous NO inhibitors, eNOS uncoupling and altered signal transduction 
[40]. Deficiency in the substrate for NOS (L-arginine), as recently observed in asso-
ciation with increased urea synthesis in the context of a high salt diet [44], also 
limits NO production.

Vasoconstrictors such as ET-1 and Ang II may also contribute to endothelial 
dysfunction in hypertension [31]. An imbalance between NO and ET-1 systems may 
result in increased ET-1 activity and vasoconstriction [31, 45, 46], while Ang II 
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interacts with the NO system to activate Noxs which contribute to oxidative stress 
[31, 47, 48]. ROS scavengers restore NO production and improve endothelial func-
tion in hypertension [40]. This supports the contribution of oxidative stress to 
hypertension-associated endothelial dysfunction and the benefits of targeting these 
changes with measures to restore antioxidant balance [40]. While antioxidant ther-
apy has not yet been proven effective at reducing cardiovascular risk in patients, this 
may reflect the fact that most antioxidant approaches have focused on quenching 
ROS [49]. A more effective approach may be to target the source of ROS produc-
tion, for example, inhibiting Nox activity.

37.3.3	 �Endothelial Dysfunction and Atherosclerosis

Endothelial dysfunction contributes to platelet aggregation, vascular smooth muscle 
cell proliferation and monocyte adhesion which are involved in the progression of 
atherosclerosis, plaque rupture and thrombosis [31, 50–53]. This is a key mecha-
nism through which endothelial dysfunction can increase risk of myocardial infarc-
tion and stroke in patients with hypertension.

37.4	 �Vascular Remodelling

The remodelling of small arteries in hypertension is associated with increased media 
thickness and can be eutrophic or hypertrophic (Fig. 37.3). In eutrophic remodel-
ling, which is generally found is essential (primary) hypertension, the media:lumen 
ratio is increased but the media cross-sectional area is not. Hypertrophic remodel-
ling is typically found with secondary forms of hypertension and is characterised by 
an increase in both media:lumen ratio and media cross-sectional area [54]. 
Mechanisms contributing to eutrophic remodelling include expansion of the extra-
cellular matrix with collagen deposition and low-grade inflammation that results in 
vascular fibrosis and increased arterial stiffening [54–60].

37.5	 �Arterial Stiffness

Hypertension-associated arterial stiffening is a result of altered vascular contraction 
and dilatation, fibrosis, ECM remodelling, cytoskeletal organisation, pro-inflamma-
tory responses and oxidative stress [1]. Underlying processes involve dysregulation of 
endothelial and vascular smooth muscle cells, upregulation of adaptive immune 
responses, vascular smooth muscle cell growth and migration, changes in 
collagen:elastin ratio and vascular calcification [1, 3]. Structural changes result in 
reduced arterial compliance, elasticity and increased arterial stiffness. This demands 
greater force and further increases in BP which place an increased work load on the 
myocardium and result in left ventricular hypertrophy [3]. Methods to assess arterial 
stiffness include pulse wave velocity (PWV), pulse wave analysis, augmentation 
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index (AIx), 24  h ambulatory BP monitoring and brachial artery FMD [1, 61]. 
Increased PWV occurs in the prehypertensive phase, suggesting that vascular changes 
may precede the onset of established hypertension [3] and PWV may be a useful tool 
to identify patients in the early prehypertensive phase.

37.6	 �Why Should We Target the Vascular System 
in the Treatment of Hypertension?

The endothelium is an important early target of hypertension and endothelial dys-
function is a risk marker for future cardiovascular events [40]. Targeting the vascu-
lar changes associated with hypertension should therefore be a focus of treatment, 
in addition to reducing BP (Fig.  37.4).[31, 40] Antihypertensive agents with the 
capacity to reverse endothelial dysfunction may reverse or prevent the progression 
of atherosclerosis and reduce the risk of cardiovascular disease [31].

ACEIs, ARBs and calcium channel blockers (CCBs) have all been shown to improve 
endothelial function with associated improvements in markers of oxidative stress [40]. 
ACEIs and ARBs reduce the production of ROS, while CCBs have antioxidant effects 
through improvements in the cellular redox and antioxidant state (Table 37.1) [31]. 
β-Blockers, despite lowering BP, generally do not improve endothelial function. 
Nebivolol and carvedilol are the exceptions, since nebivolol has NO donor properties 
and carvedilol may act as a scavenger of oxygen free radicals [31, 40].
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Fig. 37.3  Illustration of the changes that occur during hypertension-associated vascular remodel-
ling: increased media-to-lumen ratio (M:L) and variable changes in cross-sectional area (CSA)
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Conclusive data on diuretics and diuretic-like agents on vascular health, particu-
larly regarding oxidative stress and endothelial function, are scant compared to 
other classes and heterogeneous across different agents. Nevertheless, they appear 
to exert a beneficial effect on arterial stiffness [62–65] and, ultimately, in protecting 
against target organ damage (heart, kidneys, brain). This is particularly evident in 
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Fig. 37.4  Therapeutic approaches to promote vascular health: antihypertensive drugs and life-
style modifications can ameliorate vascular damage and reduce target organ damage and cardio-
vascular complications

Table 37.1  Antihypertensive drugs and beneficial vascular effects

Drug class Possible beneficial vascular effects
ACE inhibitors Vasodilation

Increased nitric oxide
Anti-inflammatory
Reduced reactive oxygen species

Angiotensin-II receptor blockers Vasodilation
Increased nitric oxide
Anti-inflammatory
Reduced reactive oxygen species

Calcium channel blockers Improved cellular redox state
Diuretics Reduced arterial stiffness

Anti-inflammatory/fibrotic (via natriuresis)
Mineralocorticoid receptor antagonists Anti-inflammatory

Anti-fibrotic
β-Blockers Increased nitric oxide

Reactive oxygen species scavenger
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salt-sensitive groups, such as blacks, elderly and patients with resistant hyperten-
sion, as endorsed by multiple guidelines [66, 67].

Mineralocorticoid receptor antagonists (MRA) combine the beneficial effects of 
the diuretic class with downstream blockade of the RAAS system, which is an 
important mediator of vascular remodelling through promotion of vascular hyper-
trophy, fibrosis, inflammation and oxidative stress. Chronic blockade of mineralo-
corticoid receptors reduces cardiovascular fibrosis in both animal models and 
human studies of hypertension [1, 68].

Some examples of how these beneficial effects of the different drug classes trans-
lated into robust cardiovascular outcomes in clinical trials are provided below. The 
Telmisartan versus Ramipril in renal ENdothelial Dysfunction (TRENDY) study 
demonstrated improved endothelial function in a diabetic population with hyperten-
sion and early-stage nephropathy treated with telmisartan and ramipril [69, 70]. The 
Losartan Intervention For Endpoint Reduction in Hypertension (LIFE) study com-
pared losartan to atenolol-based therapy. Avoiding Cardiovascular Events through 
Combination Therapy in Patients Living with Systolic Hypertension 
(ACCOMPLISH) trial compared ACEI plus amlodipine versus ACEI plus a thiazide 
diuretic. As well as the Heart Outcomes Protection Evaluation (HOPE) study, these 
studies all showed superior clinical outcomes for treatment strategies with agents 
that improve endothelial function, such as RAAS blockers and CCBs [38, 71–74]. 
Overall, however, and at variance with β-blockers (atenolol) and α-blockers, diuret-
ics do not fall short in terms of robust endpoints, i.e. cardiovascular events: this was 
shown in ALLHAT (Antihypertensive and Lipid-Lowering Treatment to Prevent 
Heart Attack Trial) [75] and recently reappraised by a systematic review and meta-
analysis [76]. This might reflect a higher efficacy observed in salt-sensitive indi-
viduals, the benefit on arterial stiffness and/or other mechanisms, related to sodium 
balance and its local accumulation in tissues. BP lowering agents which improve 
vascular health may achieve the best reductions in cardiovascular risk and targeting 
the adverse vascular changes that contribute to the development of hypertension 
should be a priority when developing new antihypertensives.

37.7	 �Antihypertensive Drugs and Vascular Health

37.7.1	 �ACE Inhibitors and Angiotensin II Receptor Blockers

ACEIs improve endothelial function in animal models and clinical studies of hyper-
tension [40], which may be due to direct vascular effects and to inhibition of brady-
kinin breakdown [31]. In clinical studies, ACEIs improve endothelial function as 
demonstrated by improved vascular responses to acetylcholine [31, 77–79] and 
improved FMD. This most likely relates to increased NO bioavailability and pre-
vention of Ang II-induced oxidative stress [31, 80–85]. Most studies of ACEIs dem-
onstrate greater lowering of central aortic than brachial artery BP [86, 87], which 
may relate to reduced oxidative stress and increased vasodilatation [86, 88]. ARBs 
may also have beneficial effects on endothelial function. The angiotensin type-1 
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(AT1) receptor antagonist losartan diminishes superoxide production, while block-
ade of AT1 receptors allows Ang II to bind to free angiotensin type-2 (AT2) recep-
tors and subsequently stimulate AT2-receptor induced NO synthesis and release. 
This may be one of the mechanisms through which ARBs can restore NO bioavail-
ability and improve endothelial function [31, 48, 89–91]. Losartan restores vasodi-
lator responses to acetylcholine [31, 92] and has beneficial effects on FMD similar 
to those observed with ramipril [31, 81]. While ACEIs and ARBs have comparable 
BP-dependent reductions in cardiovascular risk, ACEIs also have BP-independent 
effects that have not been observed with ARBs [93].

37.7.2	 �Calcium Channel Blockers

CCBs, particularly dihydropyridine calcium channel antagonists such as amlodip-
ine, improve endothelial function [40, 84, 94] by reducing intracellular Ca2+ concen-
tration and possibly through antioxidant effects [31, 86]. Nifedipine reduces 
ET-1-induced vasoconstriction, improves endothelium-dependent vasodilation [95] 
and increases coronary vascular responses to acetylcholine [31]. Amlodipine 
increases basal NO release, while lacidipine increases vasodilator responses to ace-
tylcholine and bradykinin [31, 96]. Endothelial cells do not express voltage-gated 
calcium channels and the improvements in endothelial function observed with 
CCBS are therefore unlikely to be calcium-dependent [31, 97]. Rather, CCBs appear 
to have antioxidant effects that may protect endothelial cells from oxygen free radi-
cals, thus improving NO bioavailability and endothelial function [31, 98, 99]. 
Elderly patients are more likely to have isolated systolic hypertension with increased 
pulse pressure and increased arterial stiffness. Dihydropyridine CCBs have a more 
pronounced effect on central than brachial BP [86, 100] and may be the most appro-
priate antihypertensive drugs in elderly patients.

37.7.3	 �Diuretics

Often regarded as “renal” drugs, acting mostly on the volume component of hyper-
tension, diuretic compounds were considered to have little or no effect on vascular 
health [63] and data with this regard are scant compared to other classes. Indeed, 
thiazide and thiazide-like diuretics (chlorthalidone, indapamide) appear as effective 
as CCBs and ARBs in reducing arterial stiffness and central pressure [62–64], 
although less than ACEIs [101] and MRAs [102]. Notably, the secondary increase 
in plasma aldosterone upon diuretic treatment might in part counteract the benefi-
cial effects of the drugs [103], thereby supporting the use of diuretics as part of a 
combination strategy with RAAS blockers [104]. It is also interesting to note that 
the novel and highly effective neprilysin inhibitor/valsartan combination acts by 
coupling a natriuretic and a RAAS-blocking effect [105].

Classic thiazide diuretics do not reduce oxidative stress or improve endothelial 
function [106] and this reflects in a lack of benefit on endothelial-dependent 

A. C. Cameron et al.



595

vasodilation, compared to CCBs [107, 108]. However, a few reports suggest that 
indapamide has a vasodilatory activity mediated via free radical scavenging [109] 
and intrinsic Ca2+ antagonist effect [110]. Evidence, however, is much weaker than 
for other classes. Nevertheless, diuretics proved highly effective for prevention of 
cardiovascular events in the elderly [111] and, perhaps unsurprisingly, for preven-
tion of heart failure in the general hypertensive population [2, 112]. Intriguingly, 
current trends in the understanding of heart failure pathophysiology, particularly for 
heart failure with preserved ejection fraction, point to (micro)vascular dysfunction 
as a primary culprit [113–116]. Whether diuretics or new drugs like sodium/glucose 
cotransporter 2 (SGLT2)-inhibitors [117] improve this microvascular dysfunction 
via modulation of (local) sodium balance, beyond an undisputable haemodynamic 
effect, is still a matter of speculation.

37.7.4	 �Mineralocorticoid Receptor Antagonists

Aldosterone exerts BP-elevating effects through interactions with the kidney that 
influence salt and water balance and may have additional direct effects on blood 
vessels [55, 118, 119]. Mineralocorticoid receptor activation may contribute to car-
diovascular dysfunction, inflammation and fibrosis [55]. Therefore, beyond their 
diuretic properties, MRAs such as spironolactone and eplerenone have beneficial 
BP-independent effects on endothelial function and can reduce arterial stiffness. 
This may reflect blockade of aldosterone’s pro-inflammatory and pro-fibrotic 
actions [86]. Spironolactone reduces PWV and augmentation index [120], while 
eplerenone reduces vascular stiffness, collagen/elastin ratio, pro-inflammatory 
mediators and systemic inflammatory markers in patients with hypertension. 
Because of all these addictive pleiotropic effects, it comes as no surprise that MRAs 
outperform other diuretics in improving arterial stiffness [102], FMD [121] or coro-
nary flow reserve [122]. MRAs, including the highly promising novel selective non-
steroidal finerenone 123, may therefore be an effective target to prevent vascular 
changes that occur in the development of hypertension, even out of the setting of 
resistant hypertension where MR antagonism was recently shown to be the strategy 
of choice [124].

37.7.5	 �β-Blockers

There is little evidence to suggest that β-blockers improve endothelial function. 
Atenolol may actually have a negative effect [31]. Nebivolol is a selective β1-blocker 
which has vasodilator and NO donor properties that may improve endothelial func-
tion in patients with hypertension [31, 40, 125, 126]. Atenolol and nebivolol have 
similar reductions in brachial BP, while pulse pressure is significantly lower after 
nebivolol, suggesting nebivolol may have beneficial effects on arterial stiffness [86, 
127]. Overall, the potential beneficial vascular effects of nebivolol appear most 
likely related to enhanced release of endothelium-derived NO with associated 
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improvements in endothelial function and reduced arterial stiffness [86, 128]. 
Carvedilol is another selective β1-blocker that has α1-adrenoceptor antagonistic 
properties as well as strong antioxidant effects that may improve endothelial func-
tion [31]. β-Blockers are less effective in improving endothelial function than RAAS 
blockers and CCBs [31].

37.8	 �Other Strategies to Improve Vascular Health 
in Hypertension

37.8.1	 �Smoking Cessation

Smoking acutely increases BP and can be associated with severe and malignant 
hypertension, although any chronic independent effects of smoking on BP appear 
small [129, 130]. However, smoking does contribute to the initiation and acceleration 
of vascular injury and atherosclerotic cardiovascular disease through endothelial dys-
function, oxidative stress, reduced NO bioavailability, vascular inflammation, 
increased arterial stiffness and a shift towards a pro-thrombotic state [131, 132]. 
Furthermore, smoking reduces brachial artery FMD in a dose-dependent manner, as a 
result of reduced NO bioavailability [132, 133]. This is particularly relevant in smok-
ers who may be exposed to several periods of acute BP rises over the course of a day. 
Smoking exerts toxic effects on the endothelium which, combined with the adverse 
vascular effects of high BP, leads smoking and hypertension to have synergistic dele-
terious effects on vascular function and cardiovascular risk [129, 134]. Smoking ces-
sation is therefore essential to reduce overall cardiovascular risk [2, 131, 135].

37.8.2	 �Exercise

Regular exercise can reduce BP [2, 135] and protect against arterial stiffness and 
endothelial dysfunction that occurs with advancing age [136]. Aerobic exercise 
reduces oxidative stress, inflammation and restores NO bioavailability [136]. 
Aerobic exercise improves forearm vascular responses to acetylcholine in older 
men [136, 137] that can be abolished by inhibition of eNOS, suggesting the benefits 
may be mediated by increased NO bioavailability [136, 138] Aerobic exercise also 
suppresses oxidative stress and may reduce vascular inflammation [136].

37.8.3	 �Diet and Weight Loss

Increased intake of fruit, vegetables and fish can reduce BP and improve endothe-
lium-dependent forearm blood flow responses in patients with hypertension [139, 
140]. This may be related to high polyphenol content in fruit and vegetables which 
can increase NO bioavailability [38, 139, 141, 142]. Increased consumption of fruit, 
vegetables and fish improves endothelial function, reduces BP and should be 
strongly encouraged [2, 135, 139].
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Reducing salt intake can reduce systolic BP by as much as 5 mmHg [143, 
144] and prevent hypertension [143, 145–149]. These improvements may be 
related to improved endothelial function, since the hypertensive effect of salt 
loading is linked to oxidative stress and reduced NO bioavailability [17, 38, 
150–152], and beneficial impact on large elastic artery compliance, particularly 
in salt-sensitive patients, e.g. the elderly [153]. While it is still debated which is 
the optimal range of sodium intake for cardiovascular health [154, 155], there is 
general agreement that cutting down high sodium consumption below 5 g/day is 
beneficial [156, 157].

There is a dose-dependent relationship between reduction in alcohol intake and 
reduced BP [143, 158]. Light alcohol consumption may confer some protection 
against ischaemic heart disease and alcohol consumption should therefore be lim-
ited to ≤ 3 units per day for men and ≤ 2 units per day for women, while patients 
with hypertension who drink excessively should be strongly encouraged to reduce 
their alcohol intake [2, 135]. Weight loss reduces BP and even modest reductions 
can prevent hypertension by approximately 20% in individuals who are prehyper-
tensive and overweight [143, 145].

37.9	 �Conclusions

Hypertension is characterised by vascular changes that include endothelial dysfunc-
tion, vasoconstriction, vascular remodelling, inflammation, fibrosis and arterial stiff-
ness. These vascular processes work synergistically with high BP to increase 
cardiovascular risk. Hypertension is a growing public health burden with increases 
the risk of target organ damage and cardiovascular disease. Despite many antihyper-
tensive drugs being available, optimal treatment remains a challenge. Antihypertensive 
drugs that promote vascular health, such as ACEIs, ARBs, CCBs, MRAs and, to 
some extent, diuretics, as well as newer cardiovascular drugs with natriuretic proper-
ties such as ARB-neprilysin inhibitors or SGLT2 inhibitors may positively influence 
vascular function. Lifestyle changes can also reduce the vascular effects of high BP 
and patients should be encouraged to reduce salt intake, exercise regularly, consume 
fish, fruit and vegetables, maintain a healthy weight, moderate their alcohol con-
sumption and not smoke. New blood pressuring lowering drugs should target the 
vascular changes associated with hypertension. Advancing our understanding of the 
vascular mechanisms that cause high BP will facilitate discovery of drugs to reduce 
the burden of hypertension.
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Cardiac disorders are the leading cause of deaths in women in developed countries 
[1, 2]. Hypertension is a major contributor to this mortality, potentially modifiable, 
but frequently undiagnosed or inadequately treated.

Gender-associated differences in the development of hypertension and cardiac 
diseases have been attributed to several factors, mainly the influence of estrogens on 
endothelial function. Although the exact mechanisms by which sex hormones influ-
ence the regulation of blood pressure are being investigated, there is increasing 
evidence that modulation of the activity of sympathetic nervous system and locally 
active hormones is of the major importance [3].

The gender differences in blood pressure appear during adolescence. Men have 
higher blood pressures compared with women at all ages. Hypertension is less com-
mon in women younger than 65 years of age, but after that higher percentage of 
women have hypertension compared with men. This difference in prevalence of 
hypertension in elderly will likely increase with continued aging of the female pop-
ulation [2]. The incidence of hypertension in women is also increasing in younger 
age groups, paralleling the epidemics of obesity. According to the data from National 
Health and Nutrition Examination Survey prevalence of hypertension increased 
between 1988 to 1994, 1999 to 2006, and 2007 to 2014 among non-Hispanic black 
males (37.5%, 39.5%, and 40.3%, respectively) and females (38.2%, 41.7%, and 
42.9%, respectively), non-Hispanic white males (25.6%, 28.7%, and 30.4%, respec-
tively) and females (22.9%, 27.8%, and 27.6%, respectively), and Mexican 
American females (25.0%, 26.1%, and 27.2%, respectively) [2]. In women in repro-
ductive age based on NHANES 1999–2008 hypertension was found in 7.7%, an 
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estimated 4.9% of women of reproductive age used antihypertensive medication 
[4]. Latest reports show that in women between 20 and 34 years of age the preva-
lence of hypertension is 8% compared to 11% in men in the same age category [2]. 
In women aged 35–44, hypertension is diagnosed in 23% (vs. 23% in men), and in 
women aged 45–54, hypertension is detected in 33% (vs. 36% in men) [2].

As blood pressure shows linear correlation with cardiovascular mortality and 
incidence of stroke and myocardial infarction, the categories of prehypertension [5] 
or “normal and high-normal” blood pressure were extracted (in opposition to “opti-
mal” blood pressure) [6] to identify subjects at higher risk of future cardiovascular 
events in whom some preventive strategies should be implemented.

Prevalence of prehypertension increased in last decades in both men and women 
[7]. The prevalence of prehypertension according to NHANES 1999–2000  in 
women and men by age group was 19.3% versus 44.7% (18–39 years) and 30.3% 
versus 38.7% (40–59 years) [7]. As compared with optimal blood pressure, high-
normal blood pressure was associated with 2.5-fold increase of factor-adjusted haz-
ard ratio for cardiovascular disease among women (95% CI 1.6–4.1) compared to 
1.6 (95% CI 1.1–2.2) in men [8].

Although hypertension prevalence and absolute cardiovascular risk in young 
females is lower than in males and older women, this group of patients deserves 
special attention in terms of diagnostics and treatment. Relative risk of cardiovas-
cular mortality for any given increase in blood pressure is much more pronounced 
in younger individuals. Hypertension and prehypertension management in the 
population of young women should focus of several age and gender-specific 
aspects as both diagnostics and therapy are limited by childbearing potential. 
Understanding the epidemiology and pathophysiology of hypertension in female 
in reproductive age may help clinicians identify important modifiable risk factors, 
which in turn may improve pregnancy outcomes and prevent cardiovascular dis-
ease in the future.

38.1	 �Diagnostics

Diagnostic process in hypertensive or prehypertensive subjects aims to:

	1.	 Evaluate blood pressure values precisely, assess if the elevation in blood pressure 
is sustained

	2.	 Calculate global cardiovascular risk by:
	(a)	 Assessment of hypertension-induced target-organ damage (including sub-

clinical changes)
	(b)	 Assessment of classical cardiovascular risk factors

	3.	 Assess probability and introduce diagnostics for secondary hypertension

A thorough history and physical examination as well as laboratory assessment 
are needed to identify subclinical or overt accompanying disease.
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38.2	 �Patient’s History

In reviewing the history key questions should focus on identification risk factors 
such as unhealthy diet, sedentary lifestyle, smoking, alcohol consumption, being 
obese, or overweight. The family history of premature cardiovascular incidents as 
well as family history of hypertension, diabetes, and obesity should be obtained. 
The irregular menstruations suggesting polycystic ovaries syndrome or use of oral 
contraceptive pills are important as this information may influence future diagnostic 
or therapeutic decisions.

The information about the previous blood pressure values or duration of estab-
lished hypertensive disease, tolerance of medical treatment should be collected. The 
rare but characteristic for secondary hypertension symptoms should be identified—
rapid blood pressure elevations with sweating, headache and tachycardia (pheo-
chromocytoma), episodes of tetany, muscle weakness, polyuria (primary 
hyperaldosteronism), tachycardia, weight loss, anxiety (hyperthyroidism), irregular 
menstruations, polydypsia, polyuria, obesity (hypercortisolism), etc.

Gathering the data on concomitant chronic diseases may identify potential causes 
of blood pressure elevation or increase in total cardiovascular risk.

38.3	 �Physical Examination

38.3.1  �Blood Pressure Measurement

Appropriate measurement and interpretation of the blood pressure value is essential 
in the diagnosis and management of hypertension. Technical issues include proper 
calibration of the validated device and appropriate cuff sizes-based setting. Despite 
the importance of office blood pressure measurement and its very widespread use, 
its value is compromised by phenomenon of blood pressure variability. Casual 
office readings are usually not sufficient to determine the status of an individual 
patient. To minimize the misdiagnosis—at least two readings should be taken at 
every visit, and as many as needed to obtain a stable level with less than a 5-mm Hg 
difference. During the first visit blood pressure should be measured on both arms. 
Moreover, at least two and, preferably, more sets of readings, weeks apart, should 
be taken unless the initial value is so high, e.g., greater than 180/120 mm Hg, indi-
cating that immediate therapy is needed.

Out-of-office blood pressure measurements can be alternative to office blood 
pressure measurements and should be recommended to establish diagnosis and 
exclude white-coat hypertension. Home blood pressure measurements (HBPM) and 
24 h ambulatory blood pressure monitoring (ABPM) can facilitate more reliable and 
reproducible estimations of blood pressure. European Society of Cardiology [6] and 
NICE [9] guidelines recommend HBPM and/or ABPM in the initial diagnostics of 
subjects with mild hypertension. The choice between these two methods depends on 
availability, costs of use, and patient preference.
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As many as 32% of patients with hypertension diagnosed on the base of office 
blood pressure measurements have normal blood pressure at home or in ABPM, 
being reevaluated as “white-coat hypertensives” [10].

Women are more likely to have white-coat hypertension [11, 12], however 
this phenomenon is more pronounced in those older than 50 years and in preg-
nancy. Among predictors of white-coat hypertension, high perceived stress lev-
els in women was shown to be associated with white-coat hypertension more 
than in men [13]. Women may experience a different stress response to clinic 
visits than men, as evidenced by their blood pressure measurements, and this 
might explain the high percentage of women experiencing white-coat hyperten-
sion in previous research. This issue is of special importance in pregnant 
females, in whom out-of-office blood pressure can optimize therapeutic deci-
sions [14]. ABPM in pregnancy is the technique which best identifies hyperten-
sive pregnant women at increased risk of adverse pregnancy outcomes [14, 15]. 
White-coat hypertension has been considered as benign condition, however 
recent analysis of IDACO database of 8582 subjects followed for over 10.6 years 
showed that the prognosis in white-coat hypertension strongly depends on age 
and on baseline cardiometabolic risk [16]. In subjects older than 60 years and 
with three or more cardiovascular risk factors at baseline, there was signifi-
cantly more cardiovascular events during follow-up, than in normotensive indi-
viduals (adjusted hazard risk 2.19; 95% CI 1.09 to 4.37) [16]. In contrary, 
younger white-coat hypertensives with less than three cardiovascular risk fac-
tors exhibited similar cardiovascular morbidity/mortality as normotensive con-
trols. The results did not differ according to sex [16].

Masked hypertension is the situation of discrepancy between office blood pres-
sure measurements and ABPM, but with normal or high-normal blood pressure in 
the office and elevated blood pressure in ABPM. Masked hypertension—opposite to 
white-coat hypertension—more commonly affects men than women. The estimated 
frequency of masked hypertension in population-based trials was 13% [10]. The 
frequency of masked hypertension is higher if the office blood pressure remains in 
the categories of high-normal pressure. Masked hypertension is frequently associ-
ated with other cardiovascular risk factors and subclinical organ damage. The results 
of meta-analyses and prospective trials indicate that the risk of cardiovascular events 
is twofold higher in masked hypertensive patients than in true normotensives and is 
comparable to the risk of sustained hypertensives [10, 17, 18].

Except from proper blood pressure evaluation (including orthostatic blood pres-
sure change), the canon of physical examination of hypertensive patient includes 
cardiac auscultation (detection of murmurs of aortic stenosis, aortic coarctation, 
etc.), auscultation of carotid and renal arteries, examination of the lungs (assess-
ment of pulmonary congestion), abdominal palpation, examination of peripheral 
pulses, evaluation of peripheral edema, and measurement of ankle-brachial index. 
Attention should be paid to the presence of skin lesions (e.g., red striae in Cushing’s 
syndrome, neurofibromas in Recklinghausen disease) or hirsutism.

Anthropometric measurements with body weight, height and waist circumfer-
ence measurements are also included in the basics of physical examination.
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According to the current recommendations [6] the basic tests in the diagnosis of 
each patient with elevated blood pressure include:

•	 Blood morphology
•	 Fasting glucose
•	 Potassium concentration
•	 Total cholesterol, HDL (high-density lipoproteins), and LDL (low-density lipo-

proteins) and triglycerides
•	 Creatinine concentration and glomerular filtration estimate
•	 Concentration of uric acid
•	 General urine test
•	 Electrocardiogram

In most patients, carefully collected medical history, thoughtful physical exami-
nation, and the abovementioned additional tests allow the assessment of the meta-
bolic profile and the calculation of global cardiovascular risk, decide whether to 
initiate pharmacological treatment and, if necessary, suspect secondary 
hypertension.

38.4	 �Global Cardiovascular Risk

Conception of global cardiovascular risk evaluation in hypertensive or prehyperten-
sive subjects was evolving from assessing traditional risk factors (e.g., hypercholes-
terolemia, obesity, diabetes mellitus, smoking) towards an integrated, 
multidisciplinary clinical approach, aimed at determining the total cardiovascular 
risk profile in each individual patient for planning early and effective strategies for 
cardiovascular prevention.

Hypertension and prehypertension is very rarely isolated problem, in vast major-
ity it is associated with multiple risk factors and risk factor clustering is known to 
significantly increase the risk of cardiovascular mortality.

38.5	 �Female-Specific Cardiovascular Risk Factors

Gynecological and obstetric history including gestational hypertension, preeclamp-
sia, gestational diabetes mellitus, preterm births, or birth of an infant small for ges-
tational age is known to double the risk of future cardiovascular events [19, 20].

Recently in large prospective cohort study involving 116,430 women, the asso-
ciation between laparoscopically confirmed endometriosis and risk of hypertension 
was found [21]. Compared with women without endometriosis, relative risk for 
hypertension in endometriosis was 1.16 (95% CI 1.11–1.20) and for hypercholes-
terolemia 1.31 (95% CI 1.27–1.36). RRs for both hypercholesterolemia and hyper-
tension were highest among women younger than 40 and decreased as age increased. 
Association between endometriosis and hypertension could be partly accounted for 
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by hysterectomy/oophorectomy at earlier age, increased use of non-steroidal inflam-
matory drugs and hormonal therapy.

Among patients with systemic autoimmune diseases 78% are women [22]. 
Systemic autoimmune disorders including lupus erythematosus, psoriasis and pso-
riatic arthritis, and rheumatoid arthritis are associated with increased risk of coro-
nary heart disease, independent of traditional risk factors [23]. In the report of 
Manzi and coworkers, women with systemic lupus erythematosus had a 5–6-fold 
increased risk of cardiovascular disease, while women aged 35–44 years were over 
50 times more likely to have a myocardial infarction than were women of similar 
age in the Framingham Offspring Study [24].

Chronic inflammation, endothelial dysfunction and steroid therapy influencing 
blood pressure values and metabolic profile may partly explain cardiovascular bur-
den in systemic diseases. It should be noted, however, that both hypertension and 
diabetes are more prevalent in patients with systemic lupus erythematosus com-
pared to healthy age-matched controls [25].

Cigarette smoking in women is related with 25% higher risk of coronary heart 
disease compared with men [26]. From the practical point of view, health care pro-
fessionals should strongly promote smoking cessation in all individuals, with spe-
cial attention paid to female in childbearing age. Smoking during preconception and 
all stages of pregnancy increases the risk of low birth weights in infants (adjusted 
odds ratio 1.75, 95% CI 1.2–2.56) [27] and correlates with the risk of preterm deliv-
ery [28]. Women over 35 who smoke should be advised not to use oral contracep-
tives because of significant increase of thrombotic risk.

Epidemiological trials clearly show that the correlation exists between body 
weight and blood pressure in normal weight subjects and in overweight and obesity 
[29]. The associations of body weight with prehypertension and hypertension are 
stronger in women than in men [30]. According to NHANES trial, obesity was iden-
tified as the most significant modifiable risk factor for hypertension and prehyper-
tension in women in reproductive age [4]. Obesity is not only related with the 
development of hypertension, but independently of blood pressure, increases the 
risk of subclinical organ damage like left ventricular hypertrophy and microalbu-
minuria [31]. Obese patients are at higher risk of stroke, coronary artery disease, 
congestive heart failure, cardiac arrhythmias (including atrial fibrillation), and sud-
den death [32, 33].

Obesity is a major component of the metabolic syndrome, a complex of interre-
lated risk factors for cardiovascular disease and diabetes, that arises from insulin 
resistance accompanying abnormal adipose tissue deposition and function. Although 
controversy exists regarding its pathogenesis and the appropriateness of considering 
it a distinct state, prospective observations indicate that metabolic syndrome has 
been reported to be a strong predictor of cardiovascular events, and cardiovascular 
risk in patients with metabolic syndrome is increased beyond the risk attributable to 
BMI [34]. Metabolic syndrome in women carries higher risk of coronary events 
than in men [35]. However, recent analyses found that this difference is mediated 
mainly by the role of overt diabetes in female, which triples the cardiovascular risk 
in women (while doubling it in men) [36].
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Visceral adipose tissue is considered not only as energy storage, but is emerging 
as active endocrine organ secreting a number of hormone-like compounds termed 
adipokines, regulating many physiological processes. Visceral adipose tissue seems 
to link obesity with hypertension, diabetes, and atherosclerosis [37]. Leptin is an 
adipose tissue-derived hormone, which acts in the hypothalamus and regulates 
energy metabolism by decreasing appetite and increasing energy expenditure via 
sympathetic nerve activity in thermogenic and nonthermogenic tissues. In the rodent 
models of obesity, leptin loses its ability to suppress appetite but retains its sympa-
thetic stimulation activity [38]. Leptin level was found to be higher in women than 
men at each level of BMI [39].

These observations underline the importance of the adipose tissue distribution 
rather than overall obesity as a key factor in predicting cardiovascular risk in women. 
Although body mass index and waist circumference have a high degree of collinear-
ity, it should be noted that there is substantial heterogeneity of metabolic abnormali-
ties in obese patients. From the point of view of everyday clinical practice a number 
of subjects have increased waist circumference being still in the group of normal or 
slightly increased BMI category. With this perspective waist circumference should 
become a routine measurement in the assessment of cardiovascular risk.

Abdominal visceral fat is associated with increased sympathetic overactivity that 
results in an increase in renin production, angiotensin 2 and aldosterone production, 
increased inflammatory mediators, oxidative stress, and decreased endothelial vaso-
dilatation [40]. Sympathetic overactivity is one of the most important mechanisms—
linking obesity to hypertension and hypertensive target-organ damage [41, 42].

38.6	 �Subclinical Organ Damage

The continuum of progression from elevated blood pressure towards clinically overt 
cardiovascular disease involves initially asymptomatic alterations in cardiac, vascu-
lar and renal function and structure. Detailed assessment of potential target-organ 
damage is of special importance in mild hypertensives and prehypertensive 
subjects.

Structural hypertension-induced changes in the heart are detectable even in chil-
dren, adolescents, and young adults [43, 44]. Subanalysis of the Strong Heart Study 
cohort including 1940 participants younger than 40 years (mean age 26.8 ± 7.7 years; 
57.5% of women) revealed that the prevalence of left ventricular hypertrophy was 
threefold higher in hypertensives and twofold higher in prehypertensives compared 
to their normotensive counterparts.

It has been documented that left ventricular hypertrophy predicts progression 
from prehypertension to hypertension independently of baseline blood pressure [45]. 
Echocardiographically determined left ventricular hypertrophy was diagnosed in 
17% of 625 untreated prehypertensive participants of the Strong Heart Study [45]. 
The authors found that during 4 years of follow-up, 38% prehypertensives progressed 
to sustained arterial hypertension. Left ventricular mass and the presence of diabetes 
were the most important predictors of progression to hypertension.
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It is of note that hypertensive women exhibit a greater prevalence of left ventricu-
lar hypertrophy than men for a similar degree of BP elevation [46–48]. Moreover, 
left ventricular hypertrophy is differently affecting prognosis in men and women, 
producing higher risk of coronary events [47] and stroke [49] in women. The mech-
anism by which LVH produces higher risk in women remains uncertain. Available 
data revealed that the changes in left ventricular mass in response to age and hyper-
trophic stimuli are different in men and women [50]. Women more often than men 
develop left ventricular concentric remodeling and have higher relative wall thick-
ness. This pattern of left ventricular geometry contributes to imbalance between 
oxygen supply and oxygen demand in myocardial tissue, making women more sus-
ceptible to myocardial blood flow disturbances and ischemia [51].

Vascular changes in hypertension and prehypertension include increase in pulse 
wave velocity and structural changes in the vascular wall like increase in intima-
media thickness (IMT) or presence of atherosclerotic plaques.

Prehypertension is associated with both increase in arterial stiffness assessed by 
measurement of pulse wave velocity and increase in carotid artery IMT [44].

In women age-related arterial stiffening was higher compared with men [52]. 
Increased arterial stiffness was associated with development of hypertension emer-
gencies in pregnancy. Carotid-femoral pulse wave velocity was shown to be signifi-
cantly higher in women who had history of preeclampsia than women with 
normotensive pregnancies [53]. Although it is unclear whether arterial stiffness is 
involved in the pathogenesis of preeclampsia or is only a marker of increased risk, 
assessment of arterial stiffness may be useful in predicting hypertensive emergen-
cies in pregnancy and predict future cardiovascular complications in women with 
history of gestational hypertension.

Subclinical atherosclerosis defined as thickening of IMT or presence of athero-
sclerotic plaques was found in 63% participants of PESA (Progression of Early 
Subclinical Atherosclerosis) Trial [54]. In this large, asymptomatic middle-aged 
cohort (n = 4570; mean age 45.8 years) subclinical atherosclerosis was found more 
commonly in men than women (71 vs. 48%). Results of the other study proved that 
exposure to prehypertension before age 35 shows significant association with coro-
nary calcium later in life [55], suggesting that young adulthood is a critical period 
in life when exposure to suboptimal blood pressure is particularly important.

Microalbuminuria—marker of subclinical renal damage—is a direct result of 
glomerular capillary permeability. Microalbuminuria correlates with future cardio-
vascular risk. In prehypertensives prevalence of microalbuminuria is higher than in 
normotensive population, even after exclusion of diabetic patients [56, 57].

Urine analysis in pregnancy is obligatory and detection of microalbuminuria 
may have prognostic value in prediction of adverse pregnancy outcome including 
preeclampsia and preterm delivery [58].

Retinopathy. Retinal microcirculation offers an opportunity to directly study the 
effects of hypertension on small vessels. Eye fundus examination is a primary study 
in patients with hypertensive urgencies and emergencies. In middle-aged subjects 
early changes in fundoscopy do not have prognostic significance being indistin-
guishable from age-related vascular thickening [59]. However in young patients, 
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retinal arterioles narrowing and arteriovenous nicking indicate for chronic elevation 
of blood pressure and eye fundus examination may provide useful clues and facili-
tate decisions about implementation of antihypertensive treatment.

38.7	 �Secondary Hypertension

The prevalence of secondary hypertension and the most common etiologies vary by 
age group and gender. In young adults, particularly women, renal artery stenosis 
caused by fibromuscular dysplasia is one of the most important reasons of second-
ary hypertension.

Renal parenchymal diseases are dominant cause of hypertension in children and 
adolescents, with equal prevalence in both sexes. Coarctation of the aorta is second 
cause of hypertension in childhood, more common in men, but it affects up to 12% 
of women with Turner syndrome, which is 400 times higher than in general popula-
tion [60]. The prevalence of primary hyperaldosteronism in young population is 
comparable in men and women [61], however it has to be remembered that diagnos-
tic value of aldosterone-to-renin ratio may be compromised in women by the influ-
ence of estrogen and progesterone concentration changing in menstrual cycle, 
pregnancy, and during oral contraceptive use.

The most common endocrinopathy in female in reproductive age is polycystic 
ovaries syndrome (PCOS). PCOS is characterized by oligomenorrhea/amenorrhea, 
hyperandrogenaemia and polycystic ovaries and in the pathophysiology alterations 
in the secretion of gonadotropin-releasing hormone, defect in androgen synthesis 
and development of insulin resistance are underlined [62]. Insulin resistance, obe-
sity, and metabolic syndrome coexisting with PCOS explain predisposition for arte-
rial hypertension in these subjects [63]. In large community-based trial including 
11,035 women with PCOS the risk of hypertension was 40% higher in PCOS com-
pared to regularly menstruating controls (OR 1.41; 95% CI 1.31–1.51) [64]. Data on 
the influence of PCOS on long-term cardiovascular mortality and morbidity are not 
clear, and despite the increased prevalence of classical risk factors such as hyperten-
sion, diabetes, and dyslipidemia the prospective studies with hard endpoints failed 
to identify PCOS as a separate risk phenotype [65].

Hyper- and hypothyroidism may contribute to blood pressure changes due to the 
influence of thyroid hormones on vascular resistance and cardiac output. In women 
hyperthyroidism has more pronounced influence of cardiac performance [66], thus 
screening diagnostics of thyroid function is advised in this population.

Rare cause of secondary hypertension in young women is pheochromocytoma. 
As a significant contributor to maternal morbidity and mortality in pregnancy, pher-
chromocytoma should be excluded in women in childbearing age, if characteristic 
symptoms occur.

Separate issue in young females is drug-induced hypertension, among which oral 
contraceptive pill (OCP) use is the most important reason of blood pressure eleva-
tion. Pregnancy-induced hypertensive disorders will be discussed later in this 
article.
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38.8	 �Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is rare arterial pathology, defined as non-
inflammatory non-atherosclerotic vascular disease, presenting anatomically in three 
different types, including “medial,” “intimal,” and “adventitial” fibroplasia. FMD 
affects to small and medium-sized arteries and leads to narrowing of arteries, which 
also become prone for dissections.

The exact prevalence of FMD in the general population and detailed etiology is 
not known. Disease predominantly affects young and middle-aged women. In the 
American registry of 447 patients with FMD, 91% were women in mean age 
51.9 ± 13.4 years [67].

Dysplastic changes can be located in almost all arterial territories, but the most 
commonly FMD affects renal arteries (60–70% of patients, in 35% changes are 
located bilaterally) [68].

Narrowing of renal artery leads to renovascular hypertension, being the most 
common manifestation of the disease.

Second common localization of dysplastic arterial changes are carotid arteries 
(25–30%). Most subjects are asymptomatic, but both transient ischemic attacks and 
stroke incidents may be related with FMD.  Carotid dysplastic changes may be 
accompanied by cerebral aneurysms, thus imaging of central nervous system vascu-
lature is important in these patients.

New onset of arterial hypertension in young female and vascular bruit in epigas-
tric area should raise the suspicion of FMD. FMD should also be considered in 
subjects with severe hypertension and headaches in the absence of obesity, use of 
contraceptives, and history of parenchymal renal disease.

Although catheter-based angiography remains the gold standard in the diagnos-
tics of patients with FMD, initially noninvasive test should be performed—renal 
duplex scan, carotid ultrasound, computed tomography scans, and magnetic reso-
nance imaging. Thoughtful early diagnostics is of special importance, as early treat-
ment (percutaneous renal angioplasty with stent implantation) may lead to 
normalization or improvement in blood pressure control in majority of patients.

38.9	 �Oral Contraceptives

The use of oral contraceptives may be associated with an increase in blood pres-
sure. Typically, the increase in blood pressure during oral contraception is low, 
but even 5% of women taking oral hormonal contraceptives may develop hyper-
tension, especially after prolonged use [69, 70]. However, it has to be taken into 
account that abovementioned data are derived from studies that used contracep-
tion with significantly higher doses of both estradiol and progestogens then next 
generations pills. Currently used contraceptive pills contain lower doses of ethy-
nylestradiol (20–25 μg) and lower doses of more selective progestogens (<1 mg). 
This has reduced the incidence of hypertension in second and third generation 
oral contraceptives users, although blood pressure in women using OCP is still 
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higher than nonusers, even if blood pressure is in the normal range [71]. The 
primary mechanism of blood pressure elevation during use of OCP is thought to 
be increased hepatic synthesis of angiotensinogen, and subsequent salt and water 
retention.

Data on the effect of progestogens on blood pressure are ambiguous, the effect 
on blood pressure is rather small. Thus, according to some authors, a single com-
pound containing only progestogen may be an alternative to a two-component con-
traceptive pill in women with a higher cardiovascular risk. In the longitudinal 
observation of over one million women, the use of progestin-only pills was not 
related to increase of the risk of thrombotic stroke and myocardial infarction [72]. 
Drospirenon is a synthetic progestogen, chemically related to spironolacton and 
possessing antimineralocorticoid properties, what might oppose the influence of 
estrogens on blood pressure. OCP based on combination of ethynylestradiol and 
drospirenon is not changing blood pressure, however in one, small prospective 
study the increase of heart rate was documented [73].

In most patients who develop hypertension during oral contraceptives, it is 
benign and resolves to 6 months after discontinuation of hormonal treatment.

Women with mild hypertension who use oral contraceptives may be offered: 
discontinuation of therapy and home self-monitoring, and reevaluation after few 
months (verification if hypertension is essential or drug-induced). The second 
method (especially if such are preferences of the patient) is the introduction of 
antihypertensive therapy (primarily diuretics) and continuation of oral contra-
ceptives provided that blood pressure is controlled and patient has low total car-
diovascular risk. In women with high cardiovascular risk and poor control of 
pressure, antihypertensive treatment and withdrawal of hormonal contraceptives 
are necessary.

38.10	 �Hypertensive Disorders in Pregnancy

Hypertensive disorders during pregnancy are significant concerns, they complicate 
7–15% of all pregnancies and are one of the major causes of maternal and fetal 
mortality in developed countries [74]. Diagnosis of hypertension during pregnancy 
is based on absolute blood pressure values>140/90  mmHg recorded during two 
independent measurements at an interval of at least 6 h or when, even in a single 
measurement, blood pressure is >170/110 mmHg.

The classification of hypertension in pregnancy distinguishes the following 
categories:

•	 Preexisting hypertension (chronic hypertension—present before pregnancy or 
developing before the 20th week of pregnancy)

•	 Gestational hypertension, i.e., pregnancy-induced hypertension (develops after 
20 weeks of gestation)

•	 Preeclampsia, i.e., gestational hypertension with proteinuria (>300  mg/L or 
500 mg/24 h), eclampsia is diagnosed when seizures have occurred
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•	 Preexisting hypertension with superimposing proteinuria (preeclampsia super-
imposing on chronic hypertension)

•	 Unclassified hypertension (diagnosed after 20 weeks of pregnancy, if previous 
pressure values are unknown)

It should be emphasized that preeclampsia and chronic hypertension in preg-
nancy should be considered as two different clinical entities.

Preeclampsia is a systemic disorder with generalized vascular endothelial mal-
function, initialized by abnormal early trophoblastic implantation (insufficient 
migration to the persistent muscle structure of the central spiral artery). Thus, it can 
be divided into two stages: fetal stage—abnormal placental flow and maternal—
systemic response with activation of inflammatory reaction, oxidative stress, and 
systemic endothelial dysfunction. Pathological changes in the course of this syn-
drome are therefore mainly ischemic and occur in the placenta, kidney, liver, and 
brain.

Chronic hypertension in pregnancy increases the risk of preeclampsia (which is 
17–25% higher than in the general population), but in majority of patients the prog-
nosis and pregnancy outcome are good. The problem of chronic hypertension in 
pregnancy is growing, with the current tendency to postpone motherhood decisions 
for a later life of a woman. Current statistics indicate that chronic hypertension is 
present in 1–5% of pregnant women (it is predicted that the incidence of obesity 
may increase due to the increasing obesity problem) [75].

The primary goal of treating pregnant women is to prevent maternal and fetal 
complications and carefully weigh the benefits of maternal treatment (risk of car-
diovascular events) and the risk of its use to the fetus (teratogenic effects, placental 
hypoperfusion). It is important to realize that there are not many data on the safety 
of antihypertensive drugs in pregnancy.

Benefits of antihypertensive treatment were unquestionable only in patients with 
a pregnancy pressure of more than 160/110 mmHg, and they primarily concern the 
reduction of the risk of cerebrovascular complications in the mother, with no benefit 
from antihypertensive treatment for fetal development. In mild to moderate hyper-
tension results of antihypertensive treatment are not clear. Meta-analysis of 49 trials 
comparing treatment versus no treatment on maternal and fetus outcome in mild and 
moderate pregnant hypertensives revealed that treatment did not result in either fetal 
benefit or harm [76]. Treatment also did not significantly reduce perinatal mortality 
or frequency of prematurity, preeclampsia, or abruptio placentae, but reduced the 
incidence of severe hypertension.

According to American guidelines blood pressure lowering treatment is required 
if blood pressure in pregnancy is >160/110 mmHg [77] and even>170/110 mmHg 
[78]. According to the ESC recommendations, pharmacological treatment may be 
introduced when the patient’s pressure exceeds 140/90  mmHg in patients with 
hypertension in the presence of subclinical organ damage or coexisting diabetes or 
renal disease, and in uncomplicated hypertension when the blood pressure is above 
150/95 mmHg [6, 79].
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Despite the lack of data on blood pressure targets, most experts recommend that 
blood pressure should be maintained at 130–150/80–100 mmHg during antihyper-
tensive treatment in pregnancy. The results of the CHIPS study (Control of 
Hypertension in pregnancy Study) provided that less-tight control of maternal 
hypertension (target diastolic blood pressure 100 mmHg) compared with tight con-
trol (target diastolic blood pressure 85 mmHg) resulted in no significant difference 
in the risk of perinatal outcomes, however tight control reduced the risk of severe 
hypertension [80].

The pharmacological options for effective antihypertensive treatment in preg-
nancy with acceptable safety profile in pregnancy include: methyldopa (250–500 mg 
po bid-qid, max 2 g/d), labetalol (100–400 mg po bid-tid, max 1200 mg/d), and 
nifedipine (slow-acting preparations, 20–60 mg po OD, max 120 mg/d) [6, 78, 81].

As during first semester of pregnancy physiological blood pressure reduction is 
observed, women with chronic hypertension who are normotensive or mildly hyper-
tensive on medication may be considered to stop medication during early preg-
nancy, or continue medication with pregnancy-dedicated antihypertensive drugs, 
with close monitoring of the maternal blood pressure response. Due to high fre-
quency of white-coat hypertension, ABPM use is recommended to estimate blood 
pressure values and guide therapy in pregnancy.

Recent report of the National Birth Defects Prevention Study revealed that early 
hypertensive treatment in pregnancy was associated with increased risk of fetal con-
genital heart diseases (aortic coarctation, pulmonary valve stenosis, Ebstein malfor-
mation, atrial septum defect 2, perimembranous ventricular septal defect) [82]. 
Nevertheless, except for Ebstein malformation, both untreated hypertension and 
late hypertension treatment were also associated with significantly increased risk of 
the same defects. The study had limited power to analyze the risk related to separate 
drug classes, but while methyldopa caused only modest increase in risk of congeni-
tal malformations, beta-blockers (including labetalol) use was significantly increas-
ing the risk of congenital heart defects, similarly like renin-angiotensin-aldosterone 
system blockade. This observation rises some controversies and requires verifica-
tion of the labetalol safety in pregnancy.

In each case, persistent blood pressure increase in a pregnant woman over 
170/110 mmHg should be considered as urgency, requiring hospitalization and pos-
sibly extended diagnostics. The worsening of blood pressure control in chronic 
hypertension in pregnancy may indicate superimposing preeclampsia. The diagno-
sis can be challenging, as one or more factors used to diagnosed preeclampsia are 
already present in these subjects.

The definite treatment of preeclampsia is termination of pregnancy. Lowering 
blood pressure does not affect the course of preeclampsia, but should be imple-
mented and optimized to prevent the maternal risk of vascular complications (stroke, 
acute heart failure, aortic dissection, etc.).

Emergent therapy for acute, severe blood pressure elevations in pregnancy 
includes—parenteral labetalol (starting from 20 mg intravenously over 2 min, with 
possible re-administration of the drug with doubling the dose in 10 min intervals, to 
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cumulative dose 220 mg), hydralazine (starting from 5–10 mg intravenously over 
2 min, with possible re-administration of the drug in 10 min intervals and increase 
of the dose to 20 mg, to cumulative dose 25 mg per h), and oral nifedipine (10 mg 
capsule, with possible re-administration of 20  mg tablet). In case of pulmonary 
edema iv nitroglicerine (5–10 μg/min) is recommended [81]. With abovementioned 
drug regimens in most patients blood pressure control can be achieved. Options for 
second-line therapy include labetalol or nicardipine by infusion pump. Sodium 
nitroprusside (0.25–5.0  μg/kg/min) is administered as a last resort with careful 
monitoring and avoidance of cyanide toxicity.

Current guidelines recommend the administration of low dose of aspirin from 
12 weeks of pregnancy until the delivery in prevention of preeclampsia in women at 
high risk (history of preeclampsia, especially in accompanied by adverse outcome, 
multifetal gestation, chronic hypertension, type 1 or 2 diabetes, autoimmune disease 
such as systemic lupus erythematosus, or antiphospholipid syndrome, chronic kidney 
disease) [6, 81]. Aspirin might be considered in women with more than one moderate 
risk factor for preeclampsia (first pregnancy, age > 40 years, pregnancy interval of 
>10 years, BMI >35 kg/m2 at first visit, family history of preeclampsia and multiple 
pregnancy), provided that they are at low risk of gastrointestinal hemorrhage.

Hypertensive mothers should not be discouraged from breastfeeding. Drugs 
which have no known adverse effects on babies receiving breast milk and appear to 
be safe during lactation are—labetalol, nifedipine, enalapril, captopril, and meto-
prolol [75].

38.11	 �Treatment of Prehypertension and Hypertension

38.11.1  �Non-pharmacological Interventions in Hypertension 
and Prehypertension

Non-pharmacological treatment is necessary at every stage of hypertension and in 
all subjects defined as prehypertensives.

Its basic principles include diet, weight reduction, reduced salt intake, regular 
physical activity, reduced alcohol consumption, and smoking cessation. There was 
no clearly different effect of diet on the pressure in men and women; however, there 
was a trend towards greater reduction in systolic pressure in women using the DASH 
diet than in men [83].

The alcohol threshold for women is lower than for men, so women are not 
advised to consume more than 10–20  g of ethanol per day. Physical activity in 
women is associated not only with a significant reduction in blood pressure, but also 
with improved weight control, improved metabolic profile, and better quality of life.

Incorporation of lifestyle interventions and their persistent adherence is difficult 
to achieve in everyday practice. Multicomponent behavioral interventions were 
proven to reduce cardiovascular risk and cardiovascular morbidity [84, 85] and their 
implementation as a part of routine medical care may have a substantial impact on 
public health.
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38.11.2  �Pharmacological Treatment of Hypertension

Although current guidelines for management of hypertension do not differentiate 
gender-based therapeutic approaches, pathophysiological differences in female 
hypertension should be considered in clinical decisions and taken into account in 
individualization of therapy.

In young people, according to the NICE guidelines [9], the first choice drug 
should be angiotensin-converting enzyme inhibitors or angiotensin receptor antago-
nists, since hypertension often coexists with metabolic disorders and activation of 
sympathetic nervous system. Despite their obvious advantages, these drugs are not 
a preferred group for the pharmacotherapy of women of childbearing potential.

An alternative for women of childbearing potential, are calcium antagonists, thia-
zide-like diuretic, and in those with coexisting tachycardia and hyperkinetic circula-
tion features—beta-blockers. Drugs in this group are not preferred in monotherapy for 
uncomplicated hypertension due to potential adverse effects on metabolic parameters 
such as insulin sensitivity or lipid profile. However, newer generations beta-adreno-
lytic, such as bisoprolol, nebivolol, or carvedilol, have more favorable profile.

Calcium antagonists are a metabolically neutral group of drugs, which are 
approved for use in pregnancy and therefore their use in women of childbearing 
potential is safe and may be a separate group of indications. The use of calcium 
antagonists is limited by the side effects—peripheral edema and facial flush, which 
are experienced in women twice as common as in men [86].

Diuretics are effective drugs but, as with beta-blockers, their use is limited by 
their metabolic profile, especially with high doses of thiazide. Diuretics are a valu-
able supplement to combination therapy, are the most commonly used second drug 
in combination therapy, and undoubtedly should be an indispensable part of triple 
therapy. Diuretic monotherapy, on the other hand, can also be considered in case of 
hypertension in young women in the course of oral contraception.

Pharmacological treatment of prehypertension has been investigated in several 
clinical trials. The prevention of prehypertension to hypertension was tested with 
the use of candesartan [87], ramipril [88], and low-dose chlortalidon-amilorid com-
bination [89]. In all abovementioned studies, pharmacological intervention was 
associated with a significant reduction of developing hypertension. However, differ-
ences in the occurrence of cardiovascular events were not detected.

Based on the lack of long-term, prospective, randomized trials proving reduction in 
cardiovascular mortality and morbidity, current guidelines do not recommend imple-
mentation of pharmacotherapy in prehypertensive patients. However, detailed cardio-
vascular risk assessment should be performed in each individual with prehypertension, 
to exclude masked hypertension and to guide the decision of treatment schedule.

Early identification and treatment of cardiovascular risk factors in women is very 
important. Although women experience cardiovascular complications at an older 
age and at a lower rate than do men and absolute risk is lower in women than in 
men, the proportion of preventable cardiovascular complication is from 30 to 100% 
higher in women than in men. The lower absolute risk in women should therefore 
not be considered an excuse for therapeutic laxity [90].
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39Non-pharmacologic Approaches 
for the Management of Prehypertension

Reuven Zimlichman

For many years there has been a dispute regarding which goal levels of blood 
pressure (BP) are considered normal, optimal, and abnormal. Generally, the defini-
tion gradually decreases, being based upon risk calculations and consequently, the 
recommendation for non-pharmacological and pharmacologic treatment change 
accordingly.

The relationship between BP and cardiovascular (CV) risk is linear, beginning at 
a BP of 115/75 mmHg, cardiovascular risk doubles for each increase of 20/10 mmHg. 
Thus, even individuals with prehypertension have an increased risk of stroke, myo-
cardial infarction, and total CV events [1].

Therapeutic decisions are based upon cost benefit ratio. The costs to be consid-
ered are financial expenses by the patients and the general population as well as 
nonfinancial aspects, as the commitment to comply with a therapeutic approach. 
The benefit is estimated by the measured risk reduction, frequently by surrogate 
endpoints and optimally by reduction in morbidity and mortality. The success in 
reducing morbidity and mortality is determined by choosing the appropriate inter-
vention and by both the feasibility and success of the intervention.

In this chapter I will review the basic concepts of the therapeutic approach to 
prehypertension, the evidence for its success, who is to be treated, and how. I will 
assess also the feasibility of the interventions.

Of course the main proof of treatment success is reduction of morbidity and 
mortality but its effect on quality of life should be evaluated as well.
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Hypertension is a progressive disease. BP measurements in populations are 
Gaussian and reflect the wide distribution in the population as a whole. Similar pat-
terns of distribution exist in patient subgroups according to age, gender, and con-
comitant disease. While tracking BP levels in specific populations the curves will 
still be of Gaussian shape when converted to logarithmic scale.

The gradual increase in BP is associated with aging. Structural changes in blood 
vessels cause gradual stiffening of the arterial walls increasing the systolic blood 
pressure (SBP). The rate of arterial stiffening differs in patients and is determined 
by genetic factors, concomitant diseases, lifestyle change, etc. The interrelation 
between BP level and arterial stiffening creates a vicious cycle; arterial stiffening 
causes increase in BP and increased BP further enhances the arterial stiffening and 
increases BP. Enhanced rate of arterial stiffening with the resulting increase in SBP 
is termed early vascular aging (EVA).

39.1	 �Epidemiology of Prehypertension

While considering epidemiological aspects of prehypertension the majority of 
information exists from population studies performed mainly in the USA. The prev-
alence of prehypertension is 31% while hypertension and normotension are 23% 
and 39%, respectively. Thus, about 60% of the adult US population has prehyper-
tension or hypertension [2]. The age-adjusted prevalence of prehypertension is 
greater in men than in women at 39% versus 23.1%, respectively [3].

The risk of developing hypertension in individuals that are 75 years old in the 
USA is approximately 90% and thus methods to prevent progression from prehy-
pertension to hypertension should by studied [4]. Patients with stage 2 prehyperten-
sion (BP of 130–139/85–89 mm Hg) are at threefold or greater risk for progression 
to hypertension, while in those with stage 1 prehypertension (BP of 120–129/80–
84 mm Hg) the risk of progression to hypertension is roughly half of this value. 
Progression from prehypertension to hypertension is affected and accompanied by 
obesity, hyperinsulinemia, insulin resistance, hypertriglyceridemia, reduced LDL 
cholesterol, and elevated amount of small, dense LDL particles.

Compared with normotensives, prehypertensives are more likely to be over-
weight and obese. They have more concomitant CV risk factors and thus a higher 
risk to develop cardiovascular disease (CVD).

Moreover, prehypertensives have additional risk factors, as high levels of fibrino-
gen, plasminogen activator inhibitor-1 (PAI-1), adipokines, inflammatory cytokines 
and endothelial dysfunction, left ventricular hypertrophy, diastolic dysfunction and 
decreased coronary flow reserve [5]. The accepted therapeutic approach in patients 
with hypertension and prehypertension is “The high risk strategy, in which high risk 
patients, those with 10-year coronary heart disease risk of ≥20%, have to be treated.” 
However, we should also consider the population attributable risk, which estimates 
the number of CV events in those at lower risk. In fact, the number of CV events in 
individuals at low risk is still considerable and probably no less in total than of those 
with high CV risk [6].
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The group of patients with prehypertension defined as having BP level of 120–
139/80–89 is non-homogenous, the CV risk increases gradually with BP levels and 
with the presence of other CV risk factors.

39.2	 �Risk of Cardiovascular Disease

Several recent meta-analyses on prehypertension and the relative risk for coronary 
disease, stroke, and total CVD included information about office BP measurements 
and most of the included patients were without previous CVD. The findings of these 
meta-analyses confirm that prehypertension increases the risk of CVD; moreover, 
the risk of fatal and nonfatal events was higher in stage 2 prehypertension than in 
stage 1 prehypertension [7–10]. In these meta-analyses the relative risk ratios after 
adjustment for risk factors, as smoking, gender, age, and dyslipidemia, averaged 
about 4.3% with estimated 10-year rate of 43% [11].

Individuals with heart failure or coronary artery disease were at even higher risk.
The Strong Heart Study revealed that individuals with prehypertension alone 

were almost twice as likely to develop CVD, while those with diabetes alone were 
almost three times as likely to develop CVD. Moreover, patients with both prehy-
pertension and diabetes were nearly four times more likely to develop CVD.

Since prehypertension is extremely prevalent, about one-third of CV events in 
the global population occur in patients with prehypertension. Generally, patients 
with prehypertension have an annual absolute excess of CVD of 0.31–0.61% with 
an average of 0.5% approximately. If about 30 million subjects in the USA have 
stage 2 prehypertension, this population will include about 150,000 excess CV 
events annually [11, 12].

39.3	 �Non-pharmacological Interventions

Lifestyle modification includes interventions such as weight loss, dietary alterna-
tion, exercise, cessation of smoking, and relaxation methods. Dietary intervention 
includes multiple variables, among these are weight loss, change in dietary habits, 
including reduced sodium content and moderation of alcohol consumption, and 
additional dietary components that are sometimes difficult to isolate by their spe-
cific effects in total lifestyle intervention, therefore resulting in somewhat inconsis-
tent evidence. Nonetheless, all of these lifestyle modifications have been shown 
beneficiary, not only in hypertensive patients but also in diabetics, obese, and other 
groups with increased CV risk.

A review published in 1978 stated that exercise should be recommended to 
mildly hypertensive patients as well as to the entire public for its long-term benefit 
in weight control in a sedentary society [13].

Many studies have since shown enthusiastic results regarding lifestyle interven-
tion benefits; however, these beneficial results as reducing BP and CV risk have 
been shown in randomized clinical trials. Beyond the strict experimental condition, 
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the results are less convincing and sometimes questionable, especially in long-term 
studies. Changing lifestyle is not easy and frequently fails [14], thus results of such 
studies are inconsistent and not always convincing.

The evidence regarding non-pharmacologic treatment of prehypertension and 
hypertension is based on several types of evidence. Epidemiological evidence 
proves the relationship between BP levels and the intervention. This approach does 
not prove a causal relationship and is mainly of suggestive nature. Non-
pharmacological intervention may act as a marker for the physiological phenomena. 
The non-pharmacological intervention could imply to a direct or indirect causal 
relationship but does not prove it.

Physiological understanding may suggest the causal effect of non-pharmacological 
intervention. However, there is no accepted mechanistic hypothesis that can explain 
the influence of non-pharmacological intervention on BP reduction. Also conclud-
ing from similar interventions in animals is problematic, because the mechanisms of 
experimental hypertension in various animal models differ from the mechanisms in 
human hypertension. Thus, research in this field has to rely on properly conducted 
interventional studies in humans. Several major obstacles in such studies are proper 
blinding of study participants, creation of large groups of subjects, and defining a 
limited number of variables in the intervention studied [15].

39.4	 �Weight Reduction

A direct positive relation has been found between body weight or body mass and 
BP. The Intersalt study that included 52 communities worldwide found that with the 
exception of age, weight had the strongest and most consistent correlation with BP 
level [16]. Also, individuals with central or upper body obesity with higher waist-
to-hip ratio are more likely to have higher BP and increased risk to develop CV 
morbidity and mortality [17]. European and US guidelines state that the lowest all-
cause mortality rates are at BMI range of 20–25 kg/m2 [18, 19].

The exact optimal body composition is disputed in the literature. Practically 
weighing the patient or determining his weight does not enable to determine the fat/
muscle composition; these data can be useful in identifying subjects that will benefit 
from weight loss. Achieving a loss of 6–8% of body weight can lead to 5 and 4 mm 
Hg decrease in systolic blood pressure (SBP) and diastolic blood pressure (DBP), 
respectively, and weight loss of about 10 kg may lower SBP by 5–20 mm Hg [20].

In another study it has been shown that weight reduction lowers BP, even while 
sodium and potassium dietary content are kept constant. A weight loss of about 5 kg 
was associated with decline of 5.4/2.4 mm Hg and an addition of sodium restriction 
to weight loss was associated with additional BP decline [21].

The mechanism of increased BP in obese subjects is not entirely clear.
The sympathetic nervous system activity which is increased in obesity most 

probably plays a role in the pathogenetic mechanism, with activation of the plasma 
renin-angiotensin-aldosterone system, expansion of plasma volume, hyperinsu-
linemia and increased inflammatory markers.
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It has been shown that weight reduction lowers BP. When sodium and potassium 
intake was constant during the follow-up, a weight loss of about 5 Kg was associ-
ated with a BP decline of 5.4/4.2 mmHg and when sodium restriction was added it 
further enhanced the BP decline [21].

Weight loss in overweight subjects not only lowers BP, it has been shown to 
lower total cholesterol, to correct insulin resistance, to lower plasma renin activity, 
and to diminish cardiac output. However, these changes were not associated with 
cardiovascular and all-cause mortality. Both National Health and Nutrition 
Examination Survey (NHANES) and Multiple Risk Factor Intervention Trial 
(MRFIT) studies have shown increased cardiovascular and all-cause mortality [22].

Despite the evidence of the obesity paradox in CVD, weight loss is a well-
accepted and proven method to lower BP in patients with hypertension. Moreover, 
it was suggested that the adverse effect was limited only to lean subjects and weight 
loss should be recommended for obese individuals.

A well-accepted concept during the years is that weight loss as well as other 
lifestyle interventions should be adopted in order to replace or augment effects of 
drug therapy, in all patients with hypertension. This approach is especially reward-
ing in subjects with prehypertension and mild hypertension, in which lifestyle mod-
ification and especially weight loss may obviate the need to begin pharmacological 
treatment. In a prospective study, placebo control subjects who lost 4.5 kg had a BP 
decline similar to that achieved by chlorthalidone or atenolol [23].

39.4.1	 �The Efficacy of Lifestyle Interventions

Several studies have evaluated the impact of lifestyle interventions on BP levels and 
on progression to hypertension. Trials of hypertension prevention (TOHP II) was an 
intensive long-term study of lifestyle interventions. 2382 participants with DBP of 
83–89 mmHg and SBP of <140 mmHg were randomized to usual care, weight loss, 
and sodium restriction or a combination of the latter two [24]. Over 4 years 44.4% 
of the usual care group developed hypertension compared to 38.5% (RR = 0.87, P- 
0.06) of the weight loss group. 38.1% of the sodium restriction group and 37.6% 
(RR = 0.85, P = 0.01) of the combined group developed hypertension—in this study 
hypertension diagnosis was based upon a single BP measurement. This intensive 
lifestyle modification caused absolute reduction of 6–7% and relative reduction of 
13–15% in the development of hypertension [5].

The Oslo diet and Anti-Smoking trial included 1234 men 40–50 years old 
which were in the upper quartile of risk, based on total cholesterol, smoking, 
and BP. Participants with SBP higher than 150 mmHg were excluded. Participants 
in the intervention group reduced intake of fat calories from 28 to 44% (p < 0.01), 
increased the ratio of polyunsaturated fat to saturated fat intake from 1.01 to 
0.39 (p < 0.01), raised fiber consumption from 4.4 to 6.0 g/day (p < 0.05), low-
ered total cholesterol from 341 to 263 mg/dl (p < 0.01), decreased cigarette use 
from 10 to 6 per day, and lost weight of 3.7 versus 0.6 kg in the control group 
[25, 26].
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Together the Oslo Diet and Smoking study and the TOHP II studies have shown 
that lifestyle intervention can prevent and/or delay the onset of hypertension and of 
CV events in subjects at risk. Additional studies in the field mostly confirmed these 
findings but these were more limited due to difficulties in standardization, partici-
pant compliance, and the presence of multiple confounders which limited isolation 
of specific components of the intervention.

Based on the concept of the efficacy of lifestyle interventions, a trend to improve 
lifestyle was seen in the USA. It has been shown that during the years 1963 to 1975 
consumption of salt, saturated fat, and smoking declined [27]. However, evidence of 
contradictory trends in the recent years show a growing epidemic of obesity and the 
associated increase in diabetes which leads to trends of increased rates of hyperten-
sion and concomitant risk of CVD.

Most individuals with prehypertension have at least one concomitant condition 
associated with increased CV risk. The NHANES and the NHANES II mortality 
studies showed that more than 90% of individuals with prehypertension have one or 
more CV risk factors, i.e., dyslipidemia, early family history of CVD, smoking, 
obesity, hyperinsulinemia with insulin resistance, impaired fasting glucose, pro-
thrombotic state, endothelial dysfunction, and increased vascular stiffness.[28]

The lifestyle intervention arm of the Diabetes Prevention Program (DPP) enrolled 
1079 subjects with impaired glucose tolerance. The goal of this study was a mini-
mum of 7% weight loss and a minimum of 150 minutes of physical activity per 
week with a moderate caloric restriction (500–700 less calories per day) engaging 
in physical activity of moderate intensity. After a 2.8-year follow-up, the interven-
tion showed a 58% reduction in the incidence of diabetes [29]. In addition, the study 
showed a decreased need for antihypertensive medications, and less occurrences of 
new cases of hypertension.

In the DPP study the prevalence of hypertension was about 30% in the compari-
son groups. After 3 years of follow-up it was about 40% in the placebo and metfor-
min arms but remained about 30% in the intensive lifestyle arm, representing a risk 
reduction of 33% in the development of hypertension in the intensive lifestyle inter-
vention group compared with placebo and metformin arms [30].

39.5	 �Dietary Modification

Nutrition habits and their correlation to BP have been examined in several studies. 
The European Prospective Investigation into Cancer and Nutrition (EPIC) study 
demonstrated that in 7061 non-hypertensive women (35–64  years) body weight, 
waist circumference, body mass index (BMI), and consumption of processed meat, 
wine, and potatoes directly correlated with BP levels. This study also demonstrated 
that increasing consumption of vegetables, eggs, and yoghurt decreased SBP and 
DBP [31].

The recent NutriNet–Sante study reported a similar relationship between nutri-
tion and BP levels in 8670 healthy volunteers and an inverse association between 
BP and fruit and vegetable consumption [32].

R. Zimlichman



635

The dietary approaches to stop hypertension (DASH) were a landmark study in 
the field of dietary lifestyle modification which affected nutrition patterns 
worldwide.

The DASH diet includes low fat dairy products with high intake of fruits, vege-
tables, and fiber. It is difficult to define which specific nutrients exerted the benefi-
ciary effect of the DASH diet intervention, and most probably a combination of 
several of its components contribute to the favorable outcomes [33].

The DASH Diet lowered BP in all subgroups; these effects were more pro-
nounced in African Americans with BP reduction effects being stronger in hyper-
tensive than non-hypertensive subjects [34]. The DASH study has shown significant 
reduction in both SBP and DBP with magnitudes to pharmacotherapy for mild 
hypertension. Despite the limited evidence on the long-term effects of the DASH 
diet it is recommended, with weight loss and physical activity, for prevention and 
management of BP [19].

The Exercise and Nutrition interventions for CardiOvasculaR hEalth (ENCORE) 
study evaluated the long-term effects of the DASH study. The participants were fol-
lowed for 8  months after the completion of 16-week intervention. The results 
showed beneficiary effects; nonetheless, methods that will ensure long-term com-
pliance with intervention should be developed [35].

Improvement of dietary habits can reduce BP levels, postpone or even prevent 
progression to hypertension if practiced over a long period. A study published in 1950 
reported that Cretan population has lower prevalence of hypertension, CVD as myo-
cardial infarction and stroke and even some types of cancer [36]. This study stimu-
lated the research on benefits of living in the Mediterranean area. One of the major 
determinants studied was the differences in the diet in the Mediterranean region 
defined as the “Mediterranean diet.” The characteristics of this diet are—high content 
of monosaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Other 
characteristics are moderate consumption of alcohol and dairy products, increased 
intake of fruits and vegetables, and low intake of red meat and processed red meat 
products. The Mediterranean diet is rich in fiber, phenols, flavonoids, isoflavones, 
phytosterols, other plant acids, and phytochemicals which probably have beneficial 
effects on oxidative stress and mainly on the cardiovascular and nervous systems [37].

The SUN study evaluated 9408 subjects followed up for 6 years consuming the 
Mediterranean diet. The intervention was associated with decrease in SBP and DBP 
levels. Moderate implementation of the diet was associated with a decrease of 
2.4/1.3 mmHg while strict implication decreased BP further (3.1/1.0 mmHg). In 
addition, adoption of the diet in patients with very high CV risk resulted in SBP 
reduction of 7.1 mmHg [38].

In the ATTICA study, 1188 subjects without CVD but with BP levels at prehy-
pertensive range adopted the Mediterranean diet and were followed up for 5 years 
for development of hypertension. Among 798 subjects that returned during the 
5-year follow-up period, 18.7% of the men and 24.6% of the women were diag-
nosed as hypertensive [39].

The mechanisms of effect of the Mediterranean diet on BP reduction are most 
probably multifactorial and are not fully understood. It appears that the diet has 
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beneficiary effects on BP and CV event reduction but physical activity and other 
measures probably play a role in this effect.

In a recent meta-analysis involving 50 studies and 534,906 subjects it has been 
shown that the Mediterranean diet lowered BP levels and the incidence of the meta-
bolic syndrome and its components [40].

39.6	 �Sodium Intake

Change in the consumed diet with accompanying weight reduction is always associ-
ated with changes in dietary constituents, while many of these are suggested as of 
specific influence on BP. It is well accepted that excess sodium intake is a key driver 
of high BP across age, sex, and ethnic groups [41].

Current clinical guidelines limit sodium intake to a maximum of 2400 mg/day in 
prehypertensive patients and as a complimentary approach to pharmacological ther-
apy in hypertensive subjects [41]. The main justification of this approach was pro-
vided in the global sodium consumption survey of 66 countries [18].

In another study the DASH diet lowered BP at all three different sodium levels. 
Changing from the intermediate to low sodium diet resulted in additional BP reduc-
tion [42].

There is strong evidence for sodium depletion associated with BP decline. 
Moreover, sodium depletion enhances the BP response to antihypertensive treat-
ment and especially to angiotensin-converting enzyme (ACE) inhibitors and 
angiotensin-receptor blockers (ARBs). The mechanisms of sodium-induced effect 
on BP are not entirely clear. Sodium is involved with the renin-angiotensin-
aldosterone system in controlling volume and blood vessel constriction and main-
taining blood flow and blood pressure. Nonetheless, it cannot be excluded that 
other dietary associated changes, in this type of diet, affect BP levels. Moreover, 
the exclusion of other confounding factors as body weight, alcohol consumption, 
etc. weaken the scope and significance of BP decrease [17]. Studies have shown 
that migration from a low to high sodium environment was accompanied by BP 
increase, but it is clear that additional lifestyle changes exist in migration of 
populations.

It has been found that individuals differ in their response to salt, thus two groups 
were defined—salt-sensitive and salt-resistant subjects.

It is widely accepted that dietary sodium restriction should be recommended, and 
when reduced will lower BP in some, but not all normotensive, prehypertensive and 
hypertensive subjects. The dietary sodium in various populations is usually between 
100 and 200 mmol/day and sodium content of more than 200 mmol/day should be 
strongly discouraged. Severe sodium restriction, as shown in several short-term 
studies, is efficacious but impractical in the long run. Low compliance with sodium 
reduced diets is always a limiting factor in the practical dietary approach. It has 
been show that assistance of dietary consulting by nutritionist improves dietary 
compliance.
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Optimally dietary salt content of about 70–90 mmol/day should be advised. It 
has been suggested that a threshold dietary reduction of more than 50 mmol/d must 
be practiced in order to significantly induce BP decrease [43].

In order to significantly reduce dietary salt levels, abstinence from processed fast 
foods and a total change in dietary habits is required. Interventions to lower dietary 
sodium content should not be limited to sodium alone, they should by multifaceted 
and include the whole range intervention of complete lifestyle changes of which 
sodium restriction is important but only one of many components. The response to 
salt reduction is inconsistent, it should be evaluated in all subjects. In some patients 
with prehypertension it may prevent and delay beginning of pharmacological treat-
ment and may delay the appearance of hypertension.

Other nutritional factors in the non-pharmacological approach to treat prehyper-
tension and hypertension have been discussed in the literature. The effect of potas-
sium on BP in intervention trials is inconsistent. Observational studies suggested 
that individuals with greater intake of potassium have lower incidence of stroke 
[44]. However, it is not clear whether the effect is of potassium alone or other dif-
ferent constituents of the diet are responsible for this change.

Magnesium is a vasodilator and was traditionally used to control BP in eclamp-
sia and preeclampsia, but there is absolutely no evidence in population studies to 
justify its use in the treatment of prehypertension and hypertension. Reduced dietary 
content of calcium was associated with increased BP in population studies but the 
results of calcium supplementation were inconsistent [45]. Increased dietary poly-
unsaturated fat and reduction in saturated fat have been suggested but not confirmed 
as hypotensive agents.

39.7	 �Alcohol Restriction

Alcohol consumption and its association with several cardiovascular diseases fol-
lows a J-shaped curve. Light alcohol consumption protects from CVD compared to 
nondrinkers while overconsumption exponentially increases the risk of CVD and 
CV events [46]. Acute excess of alcohol (binge drinking) causes multiple cardiovas-
cular deleterious effects. A study that evaluated the effect of one or more episodes 
of binge drinking per week found excess of prehypertension prevalence in both men 
and women [47].

Chronic excess of alcohol increases the risk of hypertension in a dose-dependent 
manner and increases the risk of stroke and myocardial infarction [48].

A meta-analysis that evaluated mainly observational studies in the field noted 
significant reduction in SBP (−3.3 mmHg) and DBP (−2.0 mmHg) in response to 
intervention counseling programs [49].

Despite the observational evidence of cardio-protective effect of light to moder-
ate drinking (up to one drink per day in women and up to two drinks in men), this 
recommendation in nondrinkers should not be adopted since excess drinking and 
alcoholism can develop at later stages of life.
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39.8	 �Physical Exercise

Physical exercise is recommended by all guidelines for the whole population—nor-
motensives, prehypertensives, and hypertensives. The higher the CV risk, the stron-
ger the recommendation. Observational data suggest that active and fit individuals 
have lower BP and lower CV mortality and morbidity [17].

Although many interventional clinical trials of exercise training have been per-
formed, not all were controlled, and excluded multiple confounding factors to 
enable reaching conclusive results.

Exercise is characterized by several categories. Dynamic aspects of physical 
activity are considered isotonic and refer to joint and large muscle movement 
in contrast to isometric exercise, which includes contraction of muscles with-
out movement of joints. The consideration of aerobic exercise includes changes 
in availability and use of oxygen for energy production and muscle contraction 
[50]. It is speculated that exercise provides cardio-protection of the vascular 
wall and that repeated bouts of sheer stress confer a vascular conditioning 
effect, increase in endothelial nitric oxide, a vasodilator that reduces 
BP. Repeated bouts of exercise may induce resetting of the baroreceptors low-
ering resting BP [51].

A large number of studies have been performed to evaluate the effects of aerobic 
and resistance BP in normotensive, prehypertensive, and hypertensive subjects.

A recent review confirmed that exercise lowered BP independent of weight loss. 
Generally, studies using conventional measurements of BP were more consistent 
than ambulatory BP measurements. In meta-analysis that included 54 randomized 
controlled studies, including aerobic intervention, a significant reduction of BP 
(3.8/2/6 mmHg) was found [52].

Another meta-analysis examined resistance exercise and showed a BP decrease 
of 3+/−3/3+/−2 mmHg in studies that lasted ≥4 weeks [53].

However, resistance exercise has been shown to increase arterial stiffness and is 
not recommended as antihypertensive treatment. The data regarding increasing arte-
rial stiffness were not confirmed in women and future studies are needed in this 
field.

39.9	 �Biofeedback, Stress and Coping in Prehypertension 
and Hypertension

It is well accepted that an acute episode of stress will cause BP elevation. This 
change will be for a limited time period. BP increases in response to surrounding 
events are seen in normotensive, prehypertensive, as well in hypertensive subjects. 
It is less obvious whether repeated episodes of stress and/or chronic stress will 
induce chronic increase in BP to prehypertensive and hypertensive levels. A major 
factor that complicates the issue further is the fact that different subjects respond 
differently to similar degrees of stress. This response is affected by genetic and pos-
sible prenatal factors, but clearly and mainly by environmental and constitutional 
factors. Moreover, BP response to stress is further complicated as it is influenced by 
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additional factors as arterial stiffness which also affects the BP response to stress 
(the stiffer the arteries, the greater the increase in BP).

Multiple methods have been suggested for coping with stress. One of them is 
Biofeedback-assisted relaxation therapy. Several studies found that psychological 
intervention reduces BP. These studies were relatively short (around 10 week pro-
gram) in which subjects received psychological treatment or biofeedback [54].

In another study the resperate device was used to achieve slow, deep breathing in 
order to achieve relaxation response. A significant decrease in BP was achieved 
after 8 weeks of using the device [55]. Additional studies confirmed these findings.

Additional stress reduction programs have been suggested and achieved success 
in BP reduction. These included breathing, meditation, and relaxation interventions. 
The possible mechanisms of relaxation and biofeedback approaches are involved 
with the balance between the sympathetic and parasympathetic nervous systems. 
Generally, stimulation of parasympathetic nervous system activity reduces BP.

Since patients with prehypertension are usually treated with non-pharmacological 
measures, this is the ideal target population for stress reduction approach as well. 
Several points should be highlighted while estimating the value of stress reduction 
programs. The efficacy of stress reduction will be higher in stressed, tense subjects, 
therefore these subjects should be selected for this type of intervention. The likelihood 
of response is associated with adherence to medical recommendation, willingness, 
and ability to follow instructions, for home and workplace relaxation sessions [54].

It should be remembered that selection of proper patients for this type of inter-
vention is important. Although several short-term studies showed the effectiveness 
of this intervention, long-term compliance is essential and will determine the long-
term effect of the intervention.

�Conclusions
BP and the risk of CVD correlate throughout the BP range. Since hypertension 
is a progressive disease correlated best with age but also with CV risk factors 
gradual increase in BP is accompanied by proportional increase in arterial stiff-
ness and CV events. Interventional procedures along this continuum will depend 
upon cost/benefit ratio, generally the higher the BP, the higher the risk and higher 
the benefit of the intervention.

Prehypertensives are more likely to be obese and have additional CV risk fac-
tors and are more likely to progress to overt hypertension. Thus, it is justified to 
make every effort to prevent progression to hypertension, with its concomitant 
consequences. While the question of pharmacological treatment in prehyperten-
sive patients is debated there is no doubt that non-pharmacological treatment 
should be practiced in these subjects.

Dietary modification, weight loss, regular physical activity, moderation of 
alcohol intake, and other lifestyle changes have been shown to reduce BP, pre-
vent or delay progression to hypertension, and reduce CV events. Also these 
interventions can diminish the need for pharmacological treatment. Lifestyle 
modification is important for the prehypertensive population but is also equally 
important for the healthy population. Education and practice of a healthy life-
style should be pursued by all.
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40Prehypertension: A Case in Favor 
of Early Use of Diuretics

Flávio Danni Fuchs and Sandra Costa Fuchs

The diagnosis of hypertension has faced extraordinary and controversial developments. 
Guidelines [1–5] are going in opposite directions in the establishment of blood pres-
sure (BP) thresholds for diagnosis and goals of treatment. This chapter makes a case 
in favor of leaving behind the diagnosis of prehypertension, which should be pro-
moted to true hypertension. Diuretics are natural candidates to start drug therapy in 
patients who do not respond to nondrug interventions, with preference for more 
efficacious agents associated with a potassium-sparing agent.

40.1	 �Risks of Prehypertension

The uncovering of the risks of blood pressure elevation with age, together with the 
identification of their causes and the development of effective strategies for its pre-
vention and treatment, are among the outstanding achievements of humankind. 
Businesspersons from life insurance companies firstly noted the risks of high blood 
pressure in 1911 [6]. In the thirties of the last century, however, Paul White still 
stated, on his classic book of heart disease [7], that hypertension could be an impor-
tant compensatory mechanism, which should not be tampered. Dozens of cohort 
studies conducted between the fourth and the ninth decades of the last century, with 
large samples, established beyond any reasonable doubt that high BP was a major 
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cardiovascular risk factor. The thresholds for the starting of risk, however, were 
evident at high blood pressure values, because the low absolute incidence of cardio-
vascular events at lower BP values conferred low statistical power in individual 
studies.

The Prospective Studies Collaboration compiled the individual data of more than 
one million individuals, who were followed for 15 years in 61 cohort studies, with 
56,000 deaths from cardiovascular events [8]. The risk of elevated BP for cardiovas-
cular events increased steadily from 75 and 115 mmHg of diastolic and systolic 
pressures, respectively, doubling every 10 mmHg of diastolic or 20 mmHg of sys-
tolic BP (Fig. 40.1a). Figure 40.1b, with real intervals on the vertical axis, demon-
strated that at lower BP levels the absolute incidence of events was low, particularly 
at younger ages. Duplication of low risks have less absolute impact, with more 
significant increase (inflection of the curve) when the previous absolute risks were 
already high. Points of higher inflection were employed to define the thresholds for 
diagnosis of hypertension in the past.

The increase in the precision to identify BP thresholds for cardiovascular risks 
led to diagnostic values progressively down, from 160/95 mmHg in old guidelines 
to 140/90 mmHg in the current ones. There are solid evidences, however, that they 
should be lower, at least 120/80 mmHg.

Besides CHD and stroke, high systolic or diastolic BP are the major cause of 
many other cardiovascular and non-cardiovascular consequences, such as hyperten-
sive cardiomyopathy, heart failure, aortic valve stenosis, aortic syndromes, periph-
eral arterial disease, atrial fibrillation, chronic kidney disease, dementias, diabetes, 
age-related macular degeneration, and erectile dysfunction [9].

The risks for these outcomes start at prehypertension levels. Besides, prehyper-
tension is a risk for development of full hypertension and target organ damage. In 
a cohort study conducted in Porto Alegre, Brazil, four among five individuals with 
prehypertension developed hypertension in 10 years [10] (Fig. 40.2). Similar inci-
dence has been shown in other populations, such as in a nationwide Japanese 
cohort [11].
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Fig. 40.1  Absolute risk for coronary heart disease or stroke by BP levels, stratified by age groups; 
(a) vertical axis log-transformed; (b) real axis (Reprinted with permission from reference [8] (a) 
and [9] (b))
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Target organ damage in individuals with prehypertension has been demonstrated 
in several studies. For instance, in the MONICA cohort, prehypertension was a risk 
for increasing left ventricular mass compared to individuals with normal BP [12] 
(Fig. 40.3). Findings from the ARIC cohort showed that prehypertension was asso-
ciated with heart abnormalities in structure and function in elderly individuals [13]. 
The risks of prehypertension for the development of chronic kidney disease were 
demonstrated in the Kaiser Permanente [14] and Ohasama cohorts [15].

40.1.1	 �Benefits of Treating Prehypertension

The evidence that treating patients with prehypertension leads to substantial reduc-
tion of cardiovascular outcomes was available for many years, but was restricted to 
patients with cardiovascular disease. Several randomized clinical trials, which 
enrolled patients with coronary heart disease, heart failure, stroke, and diabetes, 
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showed the prevention of cardiovascular outcomes with active treatment compared 
to placebo [16–23] (Table 40.1). The interpretation of the authors of these trials 
was that the benefit was due to pleiotropic effects of the drugs employed in the tri-
als, mostly beta-blockers and ACE inhibitors, and only in one trial, diuretics. The 
blood pressure-lowering effect, however, could explain the beneficial effect of 
drugs in the clinical conditions presented on Table 40.1 [24]. This view was con-
firmed in two meta-analyses that included patients with and without hypertension 
[25, 26]. We postulated that drug treatment should be offered to patients with pre-
hypertension, which is a window of opportunity to reduce the consequences of 
high BP [27, 28].

Most authors, who considered that the clinical conditions were confounders of 
the benefit of blood pressure-lowering drugs, disdained the evidences obtained in 
patients with cardiovascular disease. Moreover, the possibility that excessive blood 
pressure reduction could increase the incidence of cardiovascular events, particu-
larly in patients with coronary artery disease (the J-shape phenomenon), was 
accepted by experts and guidelines.

Nonetheless, the J-shape phenomenon should not be a reason for concern in the 
treatment of high BP [29]. The evidences in favor of the existence of the J-shape 
phenomenon came from cohort studies and from post hoc analyses of randomized 
controlled trials. These analyses of randomized trials compared the incidence of 
events in patients with low and high BP achieved during the trial, independently of 
the original randomized group. As in cohort studies, the apparent higher intensity of 
BP lowering may be secondary to the development of subclinical disease or frailty. 
These patients would benefit from further BP reduction [29]. A remarkable example 
is the CONSENSUS trial [23]. Patients randomized to the active treatment arm had 
baseline blood pressure of 118/74 mmHg, and received 18.4 mg per day on average 

Table 40.1  Beneficial effects of BP-lowering drugs in patients with normal BP and cardiovascu-
lar disease

Clinical condition
Studies 
(reference)

Active 
treatment Primary outcome RRR (95% CI)

Diabetes mellitus Micro-HOPE [16] Ramipril MI, stroke, CV 
death

25% (12 to 36)

Any evidence of 
atherosclerosis

HOPE [17] Ramipril MI, stroke, CV 
death

22% (14 to 30)

EUROPA [18] Perindopril MI, CV death, 
or cardiac arrest

20% (9 to 29)

Recovery from 
stroke

PROGRESS [19] Indapamide 
plus perindopril

Stroke 42% (19 to 58)

Asymptomatic heart 
failure

SOLVED [20] Enalapril CV deaths 12% (−3 to 26)

Overt heart failure SOLVED [21] Enalapril CV deaths 18% (6 to 28)
SAVE [22] Captopril 21% (5 to 35)

Class IV heart failure CONSENSUS [23] Enalapril Total mortality 40% 
(P = 0.002)

RRR relative risk reduction
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of enalapril (target dose 40 mg per day). All-cause mortality was 40% lower in the 
active treatment group.

Recent meta-analyses have provided evidences against the existence of a clini-
cally relevant J-shape phenomenon, particularly when they include trials with par-
ticipants with cardiovascular disease [30], and compared more and less intensive 
strategies to lower BP [31]. This benefit was not so evident in a meta-analysis that 
excluded trials with participants with previous cardiovascular disease [32].

There is no trial comparing the effectiveness of drugs to prevent cardiovascular 
disease in patients with prehypertension without cardiovascular disease. The low 
absolute incidence of cardiovascular events in these individuals would require a very 
large sample to reject the null hypothesis. The SPRINT trial [33] provided an indirect 
evidence that individuals with prehypertension benefit from the attempt to reduce 
blood pressure below 120 mmHg. Despite the high cardiovascular risk, few partici-
pants of SPRINT had previous cardiovascular disease and none had diabetes or a 
previous cerebrovascular event. The consistent effectiveness in the prevention of more 
than 30% of cardiovascular events and all-cause mortality in individuals older than 
75 years, free of cardiovascular disease and diabetes, was an impressive finding [34].

The first meta-analysis that maintained participants on their original group of 
randomization was recently published [35]. The lowest risk for cardiovascular dis-
ease and all-cause mortality was at BP between 120 and 124 mmHg (there was 
insufficient statistical power for participants with BP below 120 mmHg). Comparing 
with BP higher than 160  mmHg, participants that reached BP between 120 and 
124 mmHg had a hazard ratio of 0.36 (95% CI, 0.26–0.51) for the incidence of 
major cardiovascular events.

Besides the evidences that drug treatment reduces the incidence of cardiovascu-
lar events, there are evidences that drug treatment reduces the incidence of hyper-
tension and target organ damage.

Two randomized trials enrolled participants with high-normal BP to assess the effi-
cacy of candesartan [36] and ramipril [37] to prevent the development of full hyperten-
sion. In the TROPHY study [36], there was a reduction of 66.3% in the incidence of 
hypertension in 2 years for patients treated with average doses of candesartan. In the 
study PHARAO, ramipril lowered by 34.4% the incidence of hypertension [37].

The PREVER-prevention trial evaluated the effectiveness of a combined pill of 
chlorthalidone (12.5 mg) with amiloride (2.5 mg) to prevent hypertension and target 
organ damage in patients with prehypertension [38]. During a follow-up of 
18 months, individuals under diuretic treatment achieved 46% of prevention in the 
incidence of hypertension in comparison with participants allocated to placebo 
(Fig. 40.4, left). This trial was the first to demonstrate that drug treatment of indi-
viduals with prehypertension prevented the progression of target organ damage. 
Participants allocated to active treatment had reduction of left ventricular mass esti-
mated by electrocardiogram (Fig. 40.4, right).

The evidence reviewed here supports the recommendation to initiate drug ther-
apy in individuals with prehypertension who do not respond to lifestyle-change 
recommendations.
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40.1.2	 �Drug Preference in the Management of Prehypertension

Placebo-controlled trials demonstrated the effectiveness of drug therapy to prevent 
cardiovascular events and death in patients with prehypertension and cardiovascular 
disease. Trials with patients with heart failure employed ACE inhibitors [20–23] 
and beta-blockers [39, 40]. The meta-analyses of several trials [25] demonstrated 
that beta-blockers are the more efficacious agents in patients recovered from myo-
cardial infarction. Indapamide prevented the recurrence of stroke [19]. ACE inhibi-
tors reduced the incidence of cardiovascular events in patients with chronic coronary 
artery disease and diabetes [16–18].

Diuretics were tested exclusively in the post-stroke trial [19], but are part of the 
management of heart failure. They were highly effective in preventing heart failure 
in several trials, such as the SHEP [41], HYVET [42], and ALLHAT [43] trials. 
Angiotensin-receptor blockers (ARB) were inert in the prevention of cardiovascular 
events in several trials of secondary prevention or in patients with high cardiovascu-
lar risk [44–50]. These and other studies were included in meta-analyses that failed 
to demonstrate the effectiveness of ARB in the prevention of myocardial infarction 
and all-cause mortality [51–56]. Moreover, three large positive trials of ARB were 
retracted because of fraud [57–59]. These evidences suggest that ARB are not the 
best option for patients with hypertension [60, 61] and therefore for patients with 
prehypertension.

In face of the absence of comparative trials of drugs in prehypertension, it is valid 
to consider the mechanism of action of drugs—biological plausibility—one of the 
criteria of causality of Bradford-Hill. The soundest hypothesis on pathogenesis of 
the elevation of BP with age is the maladaptation to chronic sodium overload [9]. 
Individuals with kidneys efficient to retain sodium need higher renal perfusion pres-
sures to excrete the unnatural sodium overload, leading to chronic increase of BP. 
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prevention trial (reprinted with permission from reference [38] (left) and [9] (right))
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Diuretics would circumvent this efficiency, promoting the excretion of sodium 
without increasing BP. Tobian, who proposed the concept of pressure natriuresis, 
demonstrated in an experiment that diuretics prevented the increase of blood pres-
sure in experimental [62]. If diuretics were discovered nowadays, they would prob-
ably count with the sympathy of the pharmaceutical industry and doctors at all, and 
would be eventually pointed as the cure of hypertension.

Another postulate of Bradford-Hill—evidence from analogous models—sup-
ports the preference for diuretics in the management of prehypertension. The results 
of randomized controlled trials with patients with hypertension will likely be repro-
duced in prehypertension. Despite the worldwide preference for ARB and other 
groups, diuretics, in particular chlorthalidone, are the more effective agents in the 
prevention of many cardiovascular events in patients with hypertension. They were 
the only group that showed consistent superiority over placebo in the prevention of 
stroke, coronary heart disease, heart failure, cardiovascular and all-cause mortality, 
as demonstrated in one of the series of meta-analyses by Thomopoulos and coau-
thors [56]. The effect size was significantly higher with diuretics, even in events that 
were prevented by other classes. ARB, again, had the worst record, and did not 
avoid the occurrence of coronary heart disease, cardiovascular and all-cause 
mortality.

The largest and best-designed randomized clinical trial that compared four 
classes of drugs was the ALLHAT trial [63, 64]. The incidence of heart failure, 
identified by hospitalization or death, was 35% higher in patients treated with amlo-
dipine compared to those treated with chlorthalidone. Several outcomes were more 
frequent in patients treated with lisinopril compared to patients treated with 
chlorthalidone: 15% more strokes, 10% more cardiovascular disease, and 19% more 
cases of heart failure, among others. Figure 40.5 shows the comparison of efficacy 
of chlorthalidone with amlodipine and with lisinopril in the prevention of major 
cardiovascular outcomes.

Myocardial infarction 0.98 (0.90-1.07)

Stroke 0.93 (0.82-1.06)

Revascularization 1.09 (1.00-1.20)

Heart failure 1.38 (1.25-1.52)

CV events 1.04 (0.99-1.09)

0.5

Outcomes RR Risk by
chlorthalidone

Risk by
amlodipine

1.0 1.5 0.5 1.0 1.5

Myocardial infarcction 0.99 (0.91-1.08)

Stroke 1.15 (1.02-1.30)

Revascularization 1.10 (1.00-1.21)

Heart failure 1.19 (1.07-1.31)

CV events 1.10 (1.05-1.16)

Outcomes RR Risk by
clortalidona

Risk by
lisinopril

Fig. 40.5  Relative risk (RR) for incidence of cardiovascular outcomes in patients allocated to 
chlorthalidone and amlodipine (left) and chlorthalidone and lisinopril (right) in the ALLHAT study 
(reprinted with permission from [9])
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40.1.3	 �Why Chlorthalidone Associated with Potassium-Sparing 
Diuretics?

There are no head-to-head trials with hard outcomes comparing different diuretics. 
An old network meta-analysis showed equivalence between different agents, but 
there were few studies available for comparison [65]. Another network meta-
analysis included comparisons of chlorthalidone and hydrochlorothiazide with 
other active treatments, in addition to the comparison with placebo [66]. 
Chlorthalidone was superior to hydrochlorothiazide in the prevention of cardiovas-
cular events despite the similar effects over office BP.

In a retrospective analysis of the MRFIT trial [67], the incidence of cardiovascu-
lar events was lower during the periods of treatment with chlorthalidone than 
hydrochlorothiazide.

Studies compared directly and indirectly the BP-lowering effectiveness of 
chlorthalidone, hydrochlorothiazide, and other diuretics. In a randomized crossover 
clinical trial, chlorthalidone (25 mg) had a more intense effect over nightly ambula-
tory blood pressure than hydrochlorothiazide (50 mg) [68]. In a meta-analysis of 
clinical trials with short duration [69], the BP-lowering efficacy of hydrochlorothia-
zide was equivalent to that of other antihypertensives only when used at a dose of 
50 mg. Another meta-analysis compared the BP-lowering effect of hydrochlorothia-
zide in 26 trials, chlorthalidone in three trials, and bendroflumethiazide in one trial 
[70]. The estimated dose of each drug predicted to reduce systolic BP by 10 mm Hg 
was 1.4, 8.6, and 26.4 mg, respectively, for bendroflumethiazide, chlorthalidone, 
and hydrochlorothiazide. The only parallel, head-to-head comparison of chlorthali-
done and hydrochlorothiazide was reported in a small randomized and parallel clin-
ical trial with ABP monitoring [71]. There was higher BP-lowering effect of 
chlorthalidone (6.25 mg) than hydrochlorothiazide (12.5 mg) (Fig. 40.6).

Hypokalemia induced by diuretics may lessen their beneficial effect. In a post 
hoc analysis of the SHEP trial [72], participants of the active treatment arm with 
serum potassium below 3.5  mEq/L did not present the beneficial effects of 
chlorthalidone. The reduction in serum potassium also promotes a mild increase in 
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blood glucose observed in patients treated with thiazide diuretics [73]. Old uncon-
trolled studies identified the potassium-sparing effect of amiloride, triamterene, and 
spironolactone. Contemporaneous randomized trials confirmed this effect. We 
showed that amiloride corrected the serum levels of potassium in patients treated 
with hydrochlorothiazide in the same intensity than enalapril, and had a BP-lowering 
effect as well [74]. The elegant Pathway-3 trial showed that the prevention of loss of 
potassium with amiloride in patients treated with hydrochlorothiazide prevented the 
increase in serum glucose in a glucose tolerance test (Fig. 40.7), besides having a 
BP-lowering effect [75].

The association of hydrochlorothiazide with amiloride was compared with other 
options and placebo in two randomized controlled trials with hard outcomes. In the 
MRC trial of older adults, the association was superior to placebo and atenolol in 
the prevention of stroke, coronary events, and all cardiovascular events [76]. In the 
study INSIGHT [77], patients treated with this association had lower incidence of 
myocardial infarction and heart failure than participants treated with a long-acting 
preparation of nifedipine. The PREVER-prevention trial was the only that tested the 
association of chlorthalidone and amiloride over blood pressure and target organ 
damage [38].
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�Conclusion
The coming years will see a profound shift in the definition of hypertension. The focus 
on early diagnosis and treatment, not waiting for the full development of advanced 
stages of hypertension, may eradicate the consequences of high blood pressure. 
Chlorthalidone associated with amiloride may have preference to start treatment in 
individuals who do not respond to recommendations to change their lifestyle.
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41.1	 �Introduction

Still a recent history, but with enough hope, hype and rebound that we may ask 
ourselves where personalized medicine is going. It actually started at the dawn of 
Modern medicine with Hippocrates of Kos in fourth century BC when he stated, “It 
is more important to know who has the disease than to know which disease the per-
son has.” The subsequent evolution is called observational medicine with Avicenna 
and Claude Bernard to William Osler and many others cumulating in evidence 
based medicine started in last century by epidemiologists-methodologists such as 
David Sacket, Suzan and Robert Fletcher and Elvan Feinstein. This is still a gold 
standard in setting guidelines based mainly on large randomized clinical trials. 
Several weaknesses include selection bias and limited relevance to “real-life” situa-
tions. Simply stated, any treatments which are effective as a mean in 10,000 subjects 
without significant side effects can and should be approved and used in everybody, 
based on evidence from trials. Only rarely the notion of prevalence of responders in 
a given population has been considered. And we have only recently realized that 
most medications used to treat common chronic diseases such as type 2 diabetes, 
hypertension, osteoporosis, depression, and others are effective in only 40 to 60 
percent of subjects [1]. In current practice, we are adding successively different 
classes of medication until improvement or control without withdrawing the first or 
second drug that has no beneficial effect, resulting in high cost and potential unjusti-
fied side effects.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75310-2_41&domain=pdf
mailto:pavel.hamet@umontreal.ca
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41.2	 �Initial Strategies in Genomic Exploration

Initial genomic-based selection of drugs came from candidate gene approaches for 
pharmacodynamics or metabolizing genes for pharmacokinetics [2]. This approach 
is clearly limited in prediction, prevention and therapy of complex, polygenic traits 
and diseases such as blood pressure and so-called “essential” hypertension, while in 
monogenic forms of hypertension (Liddle syndrome, glucocorticoid remediable 
hypertension, etc.) drugs are usually both causally selected and clearly different 
from our common armamatum in hypertension.

Several strategies are now aimed at improving the selection of initial medication 
based on individual’s genomic profile, i.e., personalized health care [3]. This is now 
made possible by the complete sequencing of human genome and cataloging the list 
of millions of variants that exist between individuals, races and diseases and most 
importantly the capacity to detect on a single chip or array most of them being fre-
quent (more than 1%) or rare (less than 1%) in populations. Currently, mathematical 
process of imputation that takes into account linkage disequilibrium of up to ten 
million variants can be derived from single chip or array. This progress is followed 
by a rapid decrease in costs that recently resulted in an explosion of Genome-wide 
Association Study (GWAS) results in hundreds of diseases and conditions.

41.3	 �GWAS, Their Benefits and Limits

The current (as of June 15, 2017) GWAS catalogue includes a list of single nucleotide 
polymorphisms (SNP) that are considered significantly associated at genome-wide 
(with p < 5 × 10−8) threshold with traits or diseases. For instance, 373 SNPs are associ-
ated with cardiovascular diseases and 487 are associated with cardiovascular traits; 
1182 SNPs are associated to immune system and 682 for nervous system, etc. [4]. For 
hypertension, the initial results were deceiving, when the early GWAS of Welcome 
Trust, that was successful in reporting many significant associations for several dis-
eases, claimed that no association could be observed for hypertension [5]. Careful 
reading of the methodology immediately pointed to an important problem: the pheno-
type, blood pressure was not recorded or not asked in subjects included in the “control 
sample” diluting any association gradient of such a frequent condition as hypertension 
with ~30% prevalence in general population. Only later, using carefully phenotyped 
cohorts and with over 120,000 subjects analyzed, 29 SNPs were found to be associ-
ated with hypertension [6]. More importantly, the SNPs that were associated with 
hypertension were also determining its main complications, such as stroke and coro-
nary artery disease, but somewhat surprisingly they were not associated with chronic 
kidney disease or albuminuria. Potential reasons for this will be discussed below.

GWAS represented a significant investment in funding but yielded an impressive 
amount of data that improved the understanding of complex diseases, at least for its 
genetic component. The whole field was and is still frequently criticized for its lack 
of resolution of a significant proportion of effect size of a phenotype, typically lim-
ited to 5–10% of the variance being explained by the sum of its genetic variants. 
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Furthermore, it is argued that “clinical traditional risk factors” account for a similar 
degree of phenotype variance. We argue that this is not surprising considering how 
it is approached: when LDL, blood pressure, BMI, and diabetes are used as risk fac-
tors, they may even outperform the genomic determinants, since their intrinsic 
genomic and environmental determinants are both included in the model. Thus, 
genomic contribution to hypertension is also included in BMI, insulin resistance, 
and dyslipidemia. We have recently reflected on the importance to position of the 
clinical utility of genomics in an Editorial comment “Missing heritability or need 
for reality check of clinical utility in genomic testing?” [7].

Our argument is that if genomic determinants have a predictive power as good as 
“traditional risk factors,” this is an important improvement, providing that the timing 
of genetic testing is correct since genomic determinants are present from conception, 
allowing for early detection even in pre-symptomatic phase, and prevention can be 
considered. For instance, about 40% of patients with T2D are at risk of developing 
diabetic nephropathy, yet there is no indication for use of medications such as angio-
tensin converting enzyme inhibitors (ACEi) in spite of their demonstrated ability to 
prevent the development of microalbuminuria in ADVANCE [8] and BENEDICT 
[9]. Problem is that the capacity to prevent is not in itself an indication to administer 
medications such as ACEi to all T2D patients. However, if a genetic risk can detect, 
say, 75% risk probability, it should be easy to apply health economic criteria and 
demonstrate whether a test, followed by medication, is of value in preventing/retard-
ing a condition such as albuminuria, well demonstrated to be associated with cardio-
vascular mortality in a convincing set of over 600,000 subjects [10]. Moreover, it is 
conceivable that other conditions should be considered, since microalbuminuria may 
be present in prediabetes in context of metabolic syndrome and hyperuricemia [11].

It should be however expected that situation be rather complex for several rea-
sons. It is recognized that in polygenic disorders the impact of the vast majority of 
individual alleles is very small. Furthermore, their localization is generally outside of 
transcribed sequence, in intronic segments and often completely outside of genes, 
where they are expected to impact transcription via interactions with regulatory ele-
ments. The latter situation made the causality of gene more difficult to unravel and 
the former results in requirement of multiple genomic components to be considered 
simultaneously. Figure  41.1 from our unpublished initial genomic exploration of 
ADVANCE trial (Hamet, Tremblay, ADVANCE 2017 unpublished data, see meth-
ods [12]) illustrate that when comparing “cases” of combined macro- and microvas-
cular complications, which was the primary endpoint in ADVANCE with “controls,” 
diabetic subjects from ADVANCE, without any complication at baseline or during 
the trial, recruited simply for long duration of T2D or old age, more than one hundred 
alleles of such genes involved in systems such as immunity, inflammation, and car-
diovascular regulation are needed to separate cases from controls while respecting 
the direction of effect on risk and protection. It is apparent from this figure that while 
in the middle of the allelic distribution there is overlap between cases and controls, 
the first and last quarters can be clearly stratified into normal and risk groups.

An additional complication in allelic based prediction of outcomes is gene plei-
otropy and gene × gene as well as gene × environment interactions. A good example 
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of the former is the uromodulin gene, well-studied gene in the pathogenesis of 
hypertension and kidney disease with frequent contradictory results. This gene is 
causally involved in an autosomal dominant form of disease of familial interstitial 
nephropathy, a rare genetic condition. Multiple mutations were described in affected 
families, all of them located in coding sequence leading to anomalies of gene prod-
uct secretion or function. Distinct is its impact on glomerular filtration rate and even 
microalbuminuria, with abnormal urinary quantity of uromodulin which is the most 
abundant protein of urine (call initially the Tamm and Horsfall’s mucoprotein) as a 
result of large set of SNPs, 95% of them being in noncoding regions of the gene as 
a part of polygenic determinants of glomerular filtration decline [13]. In this con-
text, the impact of associated SNPs is an order of magnitude more important for 
nephropathy in nondiabetic and in diabetic patients. Yet an additional implication of 
the same gene appears to be in pathogenesis of hypertension, potentially implicating 
uric acid and sodium reabsorption [14].

An example of how environment can significantly alter our capacity to evaluate 
gene implication in a disease comes from the analysis of the impact of the FTO 
gene. We have initially described several metabolic phenotypes (including triglyc-
eride levels, systolic and diastolic blood pressure and epinephrine levels cluster-
ing in a single locus on chromosome 16  in our set of 120 multigenerational 
founder families of French Canadians from North–East of Quebec, Canada [15, 
16]. This locus has been later described and confirmed by many GWAS to be one 
of the most significant locus for obesity, and its association modulated by exercise 
[17]. Surprisingly, we were the only group that observed also hypertension deter-
minants at that same locus [16]. Our further analyses revealed that the associa-
tions with systolic and diastolic blood pressures were significant only when and if 
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antihypertensive medication was withdrawn during a period of 4 weeks, as we did 
in our study. This is a seminal observation, as antihypertensive agents are almost 
never withdrawn particularly not in studies of obesity and thus the important asso-
ciation with hypertension was completely overlooked (see Fig. 2. in 18).

From this observation, it is clear that presence of medication, which modifies 
significantly the studied phenotype, as an “environment,” completely overshadows 
an existing genetic association.

41.4	 �AGE and SEX as Confounders

In most epidemiological studies, age and sex are considered significant covariates 
and results are usually appropriately adjusted for these confounders. Our studies in 
French-Canadian families demonstrated that in families with genetic predisposition 
to hypertension (increased familial prevalence comparatively to general popula-
tion), its penetrance is early compared to general population, i.e., genetic impact 
accelerates penetrance, while the environmental impact occurs later and is deter-
mined by life-long environmental exposure. The effect size of this is not negligible: 
in hypertensive families the probability of being hypertensive, if your siblings are, 
is twice than that of general population after the age of 50, but it is tenfold higher if 
you are less than 25 year old. This fact is particularly relevant for “prehypertension” 
in young subjects, as we can expect a much stronger genetic impact, easier to detect 
even before clinical symptoms.

Age can be also counterintuitively involved: a set of genes, which include CASZ1 
gene (intronic rs880315), were demonstrated to be associated with the increase of 
blood pressure in young subjects (20–40 years old) and the same allele is associated 
with decrease of systolic blood pressure after age of 60 [19]. This age-dependent 
physiological impact modification is attributable to epigenetics, since CASH1 gene 
is an important target of epigenetic modulation [20]. Somewhat analogous situation 
is present when comparing micro- and macro-vascular outcomes in ADVANCE trial. 
The incidence of macro-vascular events, MI, and stroke increases with age and dia-
betes duration, while the susceptibility to renal events is highest when diabetes is 
diagnosed before age of 50 and declines thereafter [21]. From those studies, it is 
evident that “adjustment for age,” assuming unidirectional increase of risk with 
advancing age may obscure the reality. These considerations are relevant when 
studying different ages, and separation by age strata may offer superior approach to 
simple “adjustment.”

Our studies in French-Canadian hypertensive families demonstrated age- and 
sex-specific loci. 25% of all loci were identified as age-specific and another 25% as 
sex-specific loci, i.e., not detectable when age or sex were adjusted. As an example 
we can mention a locus on chromosome 12 (rs575121) of which GG genotype is 
associated with highest blood pressure in man, while being associated with lowest 
blood pressure in women, though brothers and sisters within same families [22]. 
Winkler et al. [23] illustrated in a meta-analysis of over 300,000 subjects the impor-
tance of interactions of gene ×  sex ×  age effects where many loci of BMI were 
missed initially and revealed only by studying strata by age and sex separately.
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41.5	 �Gene × Disease Interaction

The impact of the presence of disease “environment” may yet be another challenge 
in interpreting genomic determinants of an outcome. An example is the RAB38 
gene, demonstrated to be associated with albuminuria in diabetic but not in nondia-
betic patients carrying the same rs649529T allele (present in 45% of subjects) [24]. 
Our studies of CKDGen demonstrated that in experimental diabetes the knockout 
of this gene had no effect on blood pressure or glycemia or albuminuria. When 
diabetes was induced experimentally by injections of streptozotocin, diabetes 
appeared in both control and K/O animals and only animals without rab38 gene 
developed albuminuria within few weeks. It thus takes a gene defect and the pres-
ence of diabetes for phenotypic penetrance. We propose that the negative results of 
GWAS of hypertension may represent an analogous situation where renal impair-
ment needs another risk factor in addition to hypertension to reveal its genetic 
associations [6].

41.6	 �Impact of Geoethnicity

The differences among different racial groups in prevalence of cardiovascular com-
plications are well documented and recognized [25]. Thus, for instance renal impair-
ment and stoke are known to be more prevalent in Asians than in Caucasians and 
their genetic bases is usually underlined by different alleles. We have recently dem-
onstrated that differences in both phenotypic presentation and allelic structure are 
present between Caucasians of Balto-Slavic versus Germano-Celtic origins [12]. We 
have identified shared and distinct loci associated to age of onset of T2D in patients 
from these two geo-ethnic groups. PROX1/PROX1-AS1 genes (rs340841) has the 
highest effect size on age of onset of T2D. SNP rs340841 homozygous CC genotype 
is associated with 2 years earlier onset of T2D in Slavic patients living in either 
Slavic or Celtic countries. This locus is also associated with GFR decline in Slavic, 
with macroalbuminuria and hypertension in all ADVANCE subjects of Caucasian 
origin and with Interleukin-6 levels at baseline. In a recent literature search, we found 
that PROX1 gene has been associated with abnormal glucose metabolism and risk of 
diabetes with variations depending on ethnicity. We concluded that fine granularity 
of distinction in geo-ethnic background assists in resolution of clinically relevant 
genetic contribution to cardiovascular complication in T2D.

41.7	 �Genetic Risk Scores (GRS) and Clinical Utility

Major challenge in recognition of clinical utility of personalized genomics is the 
widespread recognition of limited impact of individual alleles as discussed above. 
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Novel paradigm uses an algorithm that combines several alleles according to diverse 
models. Usually alleles are simply added into a genetic risk score (GRS), but 
improvement is often demonstrated when weighted for their effect size, or beta 
values. The difference in number of alleles incorporated into a GRS for a specific 
phenotype is compensated by correction for the number of alleles used. From initial 
5 to 10 allele reports, recent publications use poly-alleles, into so-called polyGRS 
with hundreds or even thousands of alleles. A major departure from dogma of sig-
nificance in genomics, following Bonferroni genome-wide significance of 5 × 10−8, 
is being recently replaced by inclusion of nominally significant SNPs, with same 
direction of risk, providing that this is resulting in improvement of C-statistic or 
even better net reclassification index. Initially, this approach was applied in explora-
tion of shared genomic impact for a phenotype. Thus, Holliday et al. [26] was able 
to demonstrate the relationship between kidney function and atherosclerotic stroke 
with polygenic GRS of decline of eGFR and increase of albumin/creatinine ratio 
sharing genomic determinants with specific types of stroke.

An important study from heath economic point of view was the exploration of 
statin administration as a function of genetic risk score of myocardial infarction. 
Using data from the largest statin trials, 27 genome-wide significant SNPs were 
included in a weighted GRS and subjects were stratified into low, intermediate, and 
high GRS groups of incident and recurrent coronary heart disease outcome catego-
ries. The study demonstrated a significant gradient in relative risk reduction from 
13, 29 to 48% in these categories and absolute risk reduction resulted in threefold 
gradient of number needed to treat (NNT) between categories [27]. The rationale for 
detecting this high risk category by GRS and not simply by cholesterol levels is thus 
open to exploration.

Another study of significant health economic impact is the much discussed rel-
evance of total prostatectomy. Prostate cancer is frequently neglected for its “benign 
outcomes,” yet it is the number one killer in males. Nora Pashayan [28] developed 
a GRS for prostate cancer and demonstrated the potential of its application: in low 
risk score category, 50% of interventions appeared unnecessary, but this number 
decreased to only 2% in patients with high GRS. Indeed, GRS require validation in 
additional cohorts, but with such potential, are clearly deserving attention.

Table 41.1 included here illustrates some examples of clinical utility of GRS and 
polyGRS.  Generally, AUC and impact on stratification (NRI) improved with 
increasing number of SNPs, yet we have observed in literature that the limit is 
phenotype-specific and related to biological relationship of genomic regions as well 
as requiring at least minimal evidence of phenotype/genotype association.

The future is to develop simple algorithms to execute and interpret polyGRS, test 
them prospectively for their clinical utility and assess their health economic value. 
We are not there yet, but we can say with confidence that when appropriately tar-
geted for time and disease, polyGRS are solid future values for treatment decisions 
with strong accent on prevention.
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Pressure in the Guidelines
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42.1	 �Introduction

Hypertension is the most important treatable risk factor in cardiovascular disease 
prevention. The number of people affected by hypertension has raised in all regions 
of the world from 2000 to 2015, reflecting not only the growing and ageing of global 
population, but also that more than 80% of the world is doomed to develop hyper-
tension. As a consequence of the predicted increase of about 10% in the global 
prevalence of hypertension, between 2000 and 2025 an estimated 560 million extra 
people will be affected by hypertension [1]. This prospect is daunting, given that in 
2010 high blood pressure was already the biggest single contributor to the global 
burden of disease and to worldwide mortality, leading to 9.4 million deaths each 
year [2].

The relation between cardiovascular outcome and blood pressure (BP) is log-
linear, without a critical level above which the risk sharply increases [3]. However, 
for the diagnosis and management of hypertension, clinicians need operational 
thresholds [4, 5]. Therefore, guidelines propose classification and treatment based 
on conventional, home, and ambulatory blood pressure measurements. In the world 
there exist differences among nations due to genetic and environment influence. 
This is why also differences exist in blood pressure definitions. The Joint National 
Committee on the Prevention, Detection, Evaluation and Treatment of High Blood 
Pressure (JNC8) [6], and the World Health Organization and the International 
Society of Hypertension (WHO-ISH) [4] proposed a classification of blood pressure 
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based on conventional measurement into normal, prehypertensive, and hypertensive 
levels. The estimate prevalence of prehypertensive in a general population varies 
from 31% [7] to 33% [8].

The definition of “high-normal” blood pressure is shared by ESC/ESH [9] and 
Canadian Hypertension guidelines [10], all based on office blood pressure measure-
ment defining optimal, normal, high-normal, and hypertension in ESC/ESH 2013 
guidelines.

42.2	 �Choice of Thresholds

In 2003, the USA Joint National Committee Guidelines (JNC7) on hypertension 
decided to unify normal and high-normal blood pressure categories into a single 
entity termed ‘prehypertension’. This was based on evidence from the Framingham 
study that in such individuals the chance of developing hypertension is higher than 
in those with a blood pressure < 120/80 mmHg (termed ‘normal’ blood pressure) at 
all ages. In the 1997 categories were optimal, normal, high-normal, and hyperten-
sion stages 1, 2, and 3.

In contrast, the ESH/ESC Committee has decided not to use this terminology for 
the following reasons: (1) even in the Framingham study the risk of developing hyper-
tension was definitely higher in subjects with high-normal (130–139/85–89 mmHg) 
than in those with normal blood pressure (120–129/80–84 mmHg) and therefore there 
is little reason to combine the two groups together; (2) given the ominous significance 
of the word hypertension for the laypeople, the term ‘prehypertension’ may create 
anxiety and request for unnecessary medical support and examinations in many sub-
jects; (3) most importantly, although lifestyle changes recommended by the 2003 
JNC7 Guidelines for all prehypertensive individuals may be a valuable population 
strategy, in practice this category is a highly differentiated one, with the extremes 
consisting of subjects in no need of any intervention (e.g. an elderly individual with a 
blood pressure of 120/80 mmHg) as opposed to subjects with a high or very high-risk 
profile (e.g. after stroke or with diabetes) in whom drug treatment is required [11]. 
There were no additional evidences from randomized clinical trials to change this 
statement also in guidelines published in 2013, except for starting point of medical 
treatment. The same classification is used for all adults, whereas different criteria, 
based on percentiles, are adopted for children and adolescents [12].

Canada is a country with the greatest achievement of controlled blood pressure. 
In their new 2017 guidelines giving guideless for hypertension patient treatment, 
they used also automatic unattended (i.e. non-observed AOBP) blood pressure tech-
nique, but high-normal blood pressure was defined only based on non-AOBP. When 
using non-AOBP, a mean SBP 140 mm Hg or DBP 90 mm Hg is high, and an SBP 
between 130 and 139 mm Hg and/or a DBP between 85 and 89 mm Hg is high-
normal [10].

Limits of high-normal blood pressure are only defined based upon office blood 
pressure measurements, whereas limits for high-normal blood pressure when using 
home or ambulatory techniques are not defined.
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42.3	 �Definition in Different Guidelines

Guidelines
Definition 
(OBPM) SBP/DBP (mmHg)

ESH/ESC 2013 [9] High-normal BP 130–139 and/or 
85–89

2014 Report From the Panel Members Appointed to 
the Eighth Joint National Committee (JNC 8) [13]

Prehypertension 120–139 and/or 
80–89

Hypertension Canada’s Guidelines 2017 [10] High-normal BP 130–139 and/or 
85–89

42.4	 �Size of the Problem

There are few facts which confirm the important role of high-normal blood pressure 
or prehypertension and stage 1 hypertension, because they are the forms of high 
blood pressure that contribute most to mortality. Based on cardiovascular mortality 
data for 164,685 men with prehypertension and hypertension, fully 79% of deaths 
over a 15-year period were among men with systolic blood pressure that showed 
either prehypertension or stage 1 (140–159 mm Hg) hypertension [14, 15].

In the Framingham Study [16] the 4-year progression rate from prehypertension 
to hypertension was 37% in subjects below age 65 years, and 50% in older partici-
pants. In a European Flemish population study, the progression rates over 10 years’ 
follow-up were 25% in persons below 50 years and 50% in those aged 50 years or 
older [17]. Looking from the population perspective we can see that prehyperten-
sion is a precursor of hypertension.

Besides, prehypertension is associated with numerous abnormalities that increase 
cardiovascular risk independent of BP. Based on the TECUMSEH BP Study, for 
example, Dr. Julius and colleagues reported that individuals with borderline hyper-
tension were significantly more likely to have high total cholesterol, low HDL, 
higher levels of triglycerides, insulin, and glucose, and to weight more (all p < 0.001 
versus normotensive study participants) [18]. Furthermore, an association of prehy-
pertension with other cardiovascular risk factors has been established [19].

It was pointed out that the term prehypertension was coined in 1939 in the con-
text of earlier studies that linked high blood pressure recorded during physical 
examination for life insurance proposes to subsequent morbidity and mortality. 
These individuals had an increased risk of hypertension, cardiovascular disease, and 
early death from cardiovascular causes [20].

In a trial of subjects with high-normal BP, 40% of subjects in the placebo arm 
developed hypertension within 2 years and 63% within 4 years [21]. This is consis-
tent with observational data, indicating that these individuals exhibit higher four-
year rates of progression to overt hypertension [16]. In addition, the 10-year risk of 
incident cardiovascular disease was greater in both men (hazard ratio 1.6; 95% CI 
1.1 to 2.3) and women (hazard ratio 1.8; 95% CI 1.0 to 3.1) with high-normal BP 
than in subjects with BP levels lower than 120/80 mm Hg [22]. Those older than 
65 years of age with high-normal BP levels had the highest risk of progression to 
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hypertension and development of cardiovascular disease. In this group, the crude 
incidence rate of cardiovascular events per 1000 patient years was 20 in women and 
28 in men. These data indicate that patients with high-normal blood pressure have: 
(a) a higher risk of progression to overt hypertension and (b) worse prognosis than 
patients with optimal blood pressure levels. Therefore, although antihypertensive 
therapy is not recommended, close surveillance in the form of annual blood pres-
sure checks is recommended [10].

Prehypertension and masked hypertension carry a great risk of developing hyper-
tension. In the Flemish Study on Environment, Genes and Health Outcomes 
(FLEMENGHO) [17], the 4-year progression rates from prehypertension to hyper-
tension were 17.9 and 26.3% in participants younger than 50 years or older, respec-
tively. In the Copenhagen Monitoring of Trends and Determinants in Cardiovascular 
Disease [23], the progression rate over 10  years was 37.3%. By multivariable-
adjusted analysis, progression to prehypertension or to hypertension was associated 
with 10-year cardiovascular risks of 11.1% and 13.9%, respectively.

42.5	 �Importance of Blood Pressure Measurements 
and Masked Hypertension

Blood pressure changes with time and conditions of measurement. Estimation of CV 
risk is largely based on conventional office blood pressure. Until quite recently the 
diagnosis of hypertension relied entirely on clinic blood pressure measurement. 
Accumulating evidence favours measuring blood pressure with 24  h ambulatory 
blood pressure (ABPM), or if not possible with home blood pressure monitoring 
[24]. In some people, BP is abnormally elevated when measured at doctor’s office. 
This is called “white-coat” hypertension. Opposite to white-coat hypertension, in 
some people BP is elevated when measured outside not inside the clinic, and this is 
called masked hypertension. In several observational studies it was confirmed that 
people with masked hypertension are at higher cardiovascular risk and people with 
white-coat hypertension should not be treated for hypertension [25]. These phenom-
ena were also observed in people within the high-normal blood pressure group or 
prehypertension. At subject-level data IDACO meta-analysis included 7826 people 
randomly recruited from 11 populations, not treated with blood pressure-lowering 
drugs and covered on average over 11.3  years of follow-up. Using the daytime 
ABPM in our current study out of the office blood pressure revealed masked hyper-
tension in 29.3% of participants with prehypertension. Compared to normotensive 
group, where only about 7% of people had masked hypertension, about 29% have 
masked hypertension in prehypertension group. These subjects were at a 2 times 
higher risk of developing a cardiovascular event and 3 times higher to developing 
stroke than those within the real prehypertensive group, and thus need to be treated, 
but with the usually used clinical blood pressure measurement technique they would 
be overlooked and exposed to the risk of experiencing an early cardiovascular event. 
Diabetic patients, smokers, alcohol consumers, men, and individuals with increased 
cholesterol (≥5.7 mmol/L) are at increased risk of having masked hypertension [26].
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Manios and co-workers [27] enrolled 807 referred patients, whose office blood 
pressure was less than 140 mm Hg systolic and 90 mm Hg diastolic. Prevalence of 
pure prehypertension and prehypertension with masked hypertension was 59.9% 
and 19.7%, respectively. After adjustments, prehypertensive patients with masked 
hypertension had higher (P < 0.01) carotid intima-media thickness than either pre-
hypertensive patients without masked hypertension or normotensive subjects (712 
vs. 649 vs. 655 μm). Shimbo and colleagues [28] studied 813 untreated participants 
recruited from a worksite-based population, from whom they obtained 9 blood pres-
sure readings (3 at each of 3 visits over 3  weeks). Among 482 normotensive 
(<120/<80 mm Hg) and 287 prehypertensive (120–139/80–85 mm Hg) participants, 
the prevalence of masked hypertension was 3.9% and 34.1%, respectively. By mul-
tivariable-adjusted models, participants with prehypertension or masked hyperten-
sion (awake blood pressure ≥ 135/≥85 mm Hg) had a greater left ventricular mass 
index than those with normotension (60.8 vs. 64.2 g/m2; P < 0.01), but left ventricu-
lar mass index was not different among prehypertensive participants without and 
with masked hypertension (66.1 vs. 68.6 g/m2; P = 0.19).

42.6	 �Could Development of Hypertension Be Prevented?

Two randomized clinical trials explored whether antihypertensive drug treatment 
can prevent progression from prehypertension to hypertension. In TROPHY (Trial 
of Preventing Hypertension) [21], prehypertensive participants (130–139/85–
89  mm Hg) were randomly assigned to be treated for 2  years with candesartan 
(n = 391) or placebo (n = 381), followed by 2 years on placebo for all (n = 772). 
During the first 2 years, hypertension developed in 154 participants in the placebo 
group and 53  in the candesartan group (relative risk reduction [RRR], 66%; CI, 
56–75%; P < 0.001). After 4 years, hypertension (office blood pressure, 140/90 mm 
Hg) had developed in 240 and 208 participants in the placebo and candesartan 
group, respectively (RRR, 16%; CI, P < 0.007). However, the proportion of partici-
pants requiring antihypertensive drug treatment during follow-up (placebo vs. can-
desartan, 12.6 vs. 11.5%; RRR, 0.91; CI, 0.62–1.34), or having hypertension at 
4 years (1.3 vs. 1.5%; RRR, 1.17; CI, 0.36–3.80), was similar in both groups.

In PHARAO (Prevention of Hypertension with the Angiotensin-Converting 
Enzyme Inhibitor Ramipril in Patients with High-Normal Blood) [29], 1008 sub-
jects with high-normal blood pressure (130–139/85–89 mm Hg) were randomized 
to ramipril 5 mg daily or placebo. Over 3 years of follow-up, the RRR for the inci-
dence of hypertension was 34% (CI, 19–47%; P = 0.0001). Ramipril also proved to 
be more effective in reducing the incidence of manifest office hypertension in 
patients with baseline daytime ambulatory blood pressure within the high-normal 
range (125–134/80–84 mm Hg). The incidence of cerebrovascular and cardiovascu-
lar events showed no statistically significant differences between the two groups.

Clinicians should also think beyond BP therapy for patients with high-normal 
BP. Since prehypertension usually occurs in the presence of one or more other major 
risk factors, Jan Östergren, MD, PhD, Karolinska University Hospital, Stockholm 
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(Sweden), recommends combining effective BP and dyslipidemia therapy. The addi-
tive effect of cholesterol and BP has been known since at least the 1992 publication of 
data from MRFIT [15] and the additional risk associated with multiple risk factors is 
recognized in the 2007 update of the ESH guidelines for treating hypertension [30].

Evidence certainly suggests that optimal risk reduction is achieved when both 
BP and cholesterol are targeted, benefits being more than just additive. Recent stud-
ies suggest a synergy between statin therapy and antihypertensive therapy, such as 
the ASCOT trial reported by Dr. Östergren and colleagues. Given the evidence, Dr. 
Östergren said, the polypill concept could increase compliance and efficacy of 
treatment.

Finally, based on the vascular protective actions of renin-angiotensin system 
blockade, Prof. Thomas Unger, Chair of Pharmacology and Director of the Institute 
of Pharmacology at the Charité—Universitätsmedizin Berlin (Germany), recom-
mends considering these agents in patients with prehypertension and multiple risk 
factors [31].

42.7	 �Importance of the Overall Risk Profile

In 2007 ESH/ESC guidelines it was suggested to initiate drug treatment in high-
normal blood pressure range in high-risk patient having diabetes, renal diseases, or 
concomitant CV diseases. However, it was pointed out in 2009 that evidences are 
scanty. For diabetes recommendations is based on results of the ‘normotensive’ 
component of the ABCD trial [32], which however has important limitations: ‘nor-
motension’ was defined as a SBP less than 160 mmHg, the trial size was small, the 
primary endpoint was the change in creatinine clearance (with no statistically sig-
nificant difference between treatments), and a statistically significant reduction of 
cardiovascular events in the group randomized to more intensive treatment was lim-
ited to the incidence of stroke but did not extend to other cardiovascular events. 
Recommendations also derive from subgroup analyses of two other large trials, like 
MICROHOPE [33] and ADVANCE [34]. However, in MICROHOPE, normoten-
sion was defined by history, entry BP values were not mentioned, and the statistical 
significance of cardiovascular event reduction in the ‘normotensive group’ was not 
reported; in ADVANCE, the benefit of antihypertensive treatment was significant in 
patients with an entry SBP 140 mmHg or more, but not in those in whom it was 
below this value. Similar findings were obtained when stratification was based on 
the presence or absence of a history of hypertension.

Lowering blood pressure always shows beneficial effect on stroke. In PROGRESS 
trial, in patients with a previous stroke or transient ischemic attack BP, lowering was 
accompanied by a marked reduction in the incidence of recurrent stroke and cardio-
vascular events in both hypertensive and normotensive patients. However, in that 
study, hypertension was defined by SBP values of 160 mmHg or more, and in a 
subsequent analysis, a significant reduction in recurrent stroke with treatment was 
only observed when entry SBP was 140 mmHg or more [90]. Furthermore, entry 
BP values in PROGRESS were reported irrespective of background treatment 

J. Brguljan and G. Ambrosio



683

present in 50% of patients [35, 36], and therefore they cannot be used to take deci-
sions on initiation of treatment in untreated patients. In PATS study [37], where 
reduction of CV events was shown in patients with previous stroke, only 16% of 
normotensive were included.

In most of trials with coronary artery disease randomized drugs were added on a 
background of antihypertensive drugs, therefore we cannot define them as normo-
tensive [38]. Same consideration applies to recent large meta-analyses showing the 
benefits of BP-lowering therapy also in individuals with baseline SBP above and 
below 140 mmHg, since the great majority of the individuals had been involved in 
trials in which antihypertensive agents were present at baseline [9].

Even though TROPHY and PHARAO study have shown that administration of 
antihypertensive drugs can slower the progression of hypertension, it is not clear 
how far this benefit goes, whether it lasts and really delays events, and if it is 
cost-effective.

Based on all these data, the last 2013 ESH/ESC [9] guidelines state that unless 
necessary evidence is obtained it is not recommended to initiate antihypertensive 
drug therapy at high-normal blood pressure. It is strongly recommended to undergo 
lifestyle changes.

42.8	 �Phenotype of People with High-Normal Blood Pressure 
(Adolescents, Pregnant Women)

Discussing about group of people in high-normal blood pressure range we would 
certainly need to distinguish between different phenotype groups, because predica-
tion, development, and consequence of hypertension would not be the same consid-
ering adolescent or an elderly person. We shall follow up adolescents really closely 
to prevent the consequences on target organ damage and progression to hyperten-
sion [39]. With respect to pregnant women, there is no definition of high-normal 
blood pressure in this group.

42.9	 �Recommended Treatment

Guidelines are usually production of group of specialists and reviewers who among 
recognized and published studies suggest diagnostic and therapeutic aspects of 
hypertension.

In all of the guidelines, regardless of how these category of population are 
defined, only lifestyle changes are recommended. In our daily practice we can see 
that instructions to these recommendations are hard to follow, and even more to 
retain, yet they can still be very effective.

One of the most effective one is weight reduction. In a meta-analysis by Neter 
et al. twenty-five randomized, controlled trials were included, with a total of 4874 
participants. A net weight reduction of −5.1 kg (95% confidence interval [CI], −6.03 
to −4.25) by means of caloric restriction, increased physical activity, or both, reduced 
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systolic blood pressure by −4.44 mm Hg (95% CI, −5.93 to −2.95) and diastolic 
blood pressure by −3.57 mm Hg (95% CI, −4.88 to −2.25). Blood pressure reduc-
tions were −1.05 mm Hg (95% CI, −1.43 to −0.66) systolic and −0.92 mm Hg (95% 
CI, −1.28 to −0.55) diastolic when expressed per kilogram of weight loss [40].

Subsequent meta-analyses in patients with hypertension confirmed the blood 
pressure-lowering effect of weight reduction by weight reducing diet, in compari-
son with control. Weighted mean differences in weight and systolic/diastolic blood 
pressure: −4.1 kg; −6.3/−3.4 mmHg [41] and −4.0 kg; −4.5/−3.2 mmHg in the one 
described by Siebenhofer et al. [42].

Effective weight loss will only go coupled with increased regular exercise. We 
can distinguish between dynamic aerobic endurance training, which involves large 
muscle groups in dynamic activities, designed specifically to increase aerobic 
endurance performance, and resistance training, which involves strength, weight, 
static and/or isometric training, designed specifically to increase muscular strength, 
power and/or endurance. In meta-analyses done by Cornelissen and Fagard 71 stud-
ies were included, ~57% men, age median 47 years; range 21–83 years. Dynamic 
aerobic endurance training decreased resting systolic and diastolic blood pressure 
by −3.0 and −2.4 and daytime ambulatory systolic and diastolic by −3.3 and 
−3.5 mmHg [43]. Aerobic interval training has also been shown to reduce BP [44].

Impact of resistance training on blood pressure and other cardiovascular risk 
factors in a meta-analysis of randomized controlled trials analysing 1012 subjects 
resulted in −3.5 and −3.2 change in systolic and diastolic BP [45]. Dynamic resis-
tance training was followed by significant BP reduction, as well as improvement in 
other metabolic parameters, and performance of resistance exercises on 2–3 days 
per week can be advised. Isometric exercises are not recommended, since data from 
only a few studies are available. People should be advised to participate in at least 
30 min of moderate-intensity dynamic aerobic exercise (walking, jogging, cycling, 
or swimming) on 5–7 days per week [46].

Third recommended point is salt restriction. There are doubts about actual posi-
tive effect of this measure, but it is known overall that average intake of salt in popu-
lation is too high, and the truth is that not all the people are salt-sensitive. But there 
is causal relationship between salt intake and BP in most of population. On the other 
hand, there is no evidence that reducing salt intake causes harm.

In one of the meta-analyses including 17 randomized trials in hypertensives 
(n = 734) and 11 trials in normotensives (n = 2220) [47] it was shown that modest 
reduction in salt intake, from a usual intake of »10 to »5 g of salt per day over a more 
prolonged period of time resulted in the pooled estimates of blood pressure fall of 
4.96/2.73 ± 0.40/0.24 mmHg in hypertensives (P < 0.001 for both systolic and dia-
stolic) and 2.03/0.97 ± 0.27/0.21 mmHg in normotensives (P < 0.001 for both sys-
tolic and diastolic). Advice should be given to avoid salted products like bread and 
conserved products because there is high salt content. A daily intake of 5–6 g of salt 
is thus recommended in general population.

Other recommended lifestyle changes would include moderation in alcohol con-
sumption, eating Mediterranean diet, and smoking cessation.
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Meta-analysis of 40 RCTs showed that calcium supplementation (approximately 
1 g/day) may significantly reduce systolic BP by 1.9 mm Hg and diastolic BP by 
1.0 mm Hg. The BP effect tended to be more pronounced in populations with a 
habitually low calcium intake (2.6/1.3 mm Hg). Blood pressure showed no further 
decrease when calcium doses exceeded 1 g/day [48].

Randomized controlled trials of magnesium supplementation in normotensive 
and hypertensive subjects were included in the meta-analysis of Jee et al. where 20 
trials were included 1220 participants, 85 weeks median duration and 15.4 mmol of 
daily doses of magnesium resulted in overall weighted net change in blood pressure 
systolic −0.6(−2.2; +1.0), diastolic −0.8(−2.1; +0.5) with the tests for heterogene-
ity: P < 0.001 [49].

It was demonstrated in TOHP Ii and Oslo Diet and Smoking intervention that 
rigorously applied lifestyle interventions can prevent, or at least delay, the onset of 
hypertension and cardiovascular events in at-risk subjects [50] Recomended life-
style changes are listed in Table 42.1.

Another interesting point for clinicians would be how to follow these high-nor-
mal people. In ESH/ESC guidelines they are considered as low-risk population 
unless more risk factors or symptomatic cardiovascular disease or chronic kidney 
disease more the stage 4 or diabetes with organ damage is present, when they are 
considered as very high-risk population. But nevertheless only lifestyle changes and 
no blood pressure intervention is recommended.

Considering recommendation how often to control blood pressure in these spe-
cific group of population and not to miss the moment when medical therapy should 
be considered, in Canadian guidelines it is recommended that if at the visit 1 OBPM 

Table 42.1  Adoption of lifestyle changes [9]

Recommendations Classa Levelb,d Levelb,e

Salt restriction to 5–6 g per day is recommended. I A B
Moderation of alcohol consumption to no more than 20–30 g of 
ethanol per day in men and to no more than 10–20 g of ethanol per 
day in women is recommended.

I A B

Increased consumption of vegetables, fruits, and low-fat dairy 
products is recommended.

I A B

Reduction of weight to BMI of 25 kg/m2 and of waist circumference 
to <102 cm in men and <88 cm in women is recommended, unless 
contraindicated.

I A B

Regular exercise, i.e. at least 30 min of moderate dynamic exercise  
on 5–7 days per week is recommended.

I A B

It is recommended to give all smokers advice to quit smoking and  
to offer assistance.

I A B

BMI body mass index
aClass of recommendation
bLevel of evidence
cReference(s) supporting levels of evidence
dBased on the effect on BP and/or CV risk profile
eBased on outcome studies
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is high-normal annual follow-up is recommended. In ESH/ESC guidelines there is 
no specific time recommendation, but high-normal blood pressure in the office is 
one of the clinical indications for out-of-office blood pressure measurements for 
diagnostic purposes.

�Conclusion
High-normal blood pressure individuals are at higher risk to develop hyperten-
sion and cardiovascular events. Considering the high prevalence of masked 
hypertension in this group, first masked hypertension should be excluded, prefer-
ably by ABMP.

Even though in the past guidelines from 2007 they were not recognized as a 
homogenous group, later in 2013 it was corrected that there is no additional 
value of pharmacological treatment in this group of population even thought hav-
ing concomitant diseases. Upon the later guidelines they shall undergo to the 
lifestyle modifications and regular follow-up of blood pressure measurements. 
Lifestyle changes should include losing excess weight, becoming physically 
active, limiting alcoholic beverages, and following a heart-healthy eating plan, 
including cutting back on salt and other forms of sodium. Smoking cessation is 
strongly recommended. If they have other risk factors they should be followed 
closely.
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