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  This book  Hypertension and Brain Damage  edited by Professor Antonio Coca 
from the University of Barcelona is the fi rst of a series of books on hypertension 
and related sequelae which will be published over the next few years by Springer 
with the offi cial endorsement and collaboration of the European Society of 
Hypertension. 

 Hypertension is a risk factor of major importance for a large number of cardio-
vascular diseases including stroke, myocardial infarction and heart failure. By 
favouring atherosclerosis, it promotes cognitive dysfunction and dementia, with 
also a top responsibility for the progression of renal damage into end stage renal 
disease, dialysis and renal transplantation. It affects so many people (particularly 
in the adulthood and elderly age) as to be by far the most common primary or con-
tributing cause of death and illness worldwide, directly or indirectly accounting for 
a substantial fraction of the healthcare costs. This represents a valid reason for 
improving and disseminating in-depth information on hypertension. We believe 
that, as hypertension interacts with many other diseases and participates in the 
derangement of most mechanisms involved in cardiovascular regulation, these 
goals may benefi t from the publication of volumes in which the multifold aspects 
of this condition are reviewed and discussed in detail. This usefully complements 
the contribution of textbooks where space constraints require to simultaneously 
provide comprehensive and analytic information, a balance not easy to achieve. We 
further believe that this approach, allowing to involve a relatively large number of 
experts for any specifi c area, may also suitably deal with the continuing fl ow of 
new data on the aetiological, pathophysiological, epidemiological, diagnostic and 
treatment aspects of hypertension that is offered by a persistently lively research, 
favouring their correct interpretation, translation and positioning in clinical 
practice. 

 On behalf of the European Society of Hypertension, we thank Springer for shar-
ing with us the conviction that improving information and education on hyperten-
sion is important. Our thanks go also to Professor Antonio Coca for agreeing to start 
the book series with a topic of major current interest and future research 
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perspectives that appropriately exemplifi es the importance of hypertension for pub-
lic health. Finally, we wish to thank in advance the readers of this fi rst as well as of 
the subsequent books of the series for their interest in this initiative. We hope that 
they will fi nd this European Society of Hypertension/Springer cooperation cultur-
ally rewarding and for doctors also useful for their practice.  

 Milano, Italy    Giuseppe     Mancia   
 Brescia, Italy   Enrico     Agabiti-Rosei    

Foreword
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   Cardiovascular diseases, understood as those which affect cerebral, coronary, renal 
and large elastic arteries, and their direct and indirect consequences, are, today, the 
most-common reason for medical consultation, the fi rst cause of death, and a lead-
ing cause of permanent or temporary work disability. The long-term effect of exces-
sive blood pressure levels on the walls of the cerebral arteries results in ischaemic 
or haemorrhagic brain lesions that have devastating consequences on the neurons, 
especially due to the lack of neuronal regeneration. 

 Elevated blood pressure results in changes in the structure and function of the 
small-sized deep penetrating arteries in the white matter and middle-sized cerebral 
arteries. These silent lesions progress over time and, in the middle- and long-term, 
cause cerebrovascular complications that may be catastrophic for patients and their 
families: ischaemic and haemorrhagic stroke. In addition, silent cerebral lesions 
are also related with cognitive decline and progression to dementia in hypertensive 
patients. In some European countries, stroke is now the fi rst cause of death, espe-
cially in women. The progressive aging of the European population, together with 
the increased incidence of vascular dementia and Alzheimer disease, is likely to 
provoke a social health problem of incalculable consequences in the very near 
future. 

 Hypertension is the leading cardiovascular risk factor associated with stroke and 
dementia; therefore, the introduction of interventional strategies that increase blood 
pressure control plays a key role in preventing these complications. The Working 
Group on Hypertension and the Brain of the European Society of Hypertension was 
created to improve knowledge of the physiopathology of these associations, and to 
make professionals involved in the management of hypertensive patients, who are 
aware of the excellent perspectives of preventing their complications. The publica-
tion of the fi rst edition of  Hypertension and Brain Damage  is the result of the efforts 
of this Working Group, whose enthusiasm, dedication and participation made it 
possible. The book’s 15 chapters provide information on the epidemiology, patho-
physiology, associated risk factors, diagnostic imaging, clinical signs and symp-
toms of the conditions, the presentation forms of ischaemic and haemorrhagic 
complications, types of progressive cognitive decline, their detection and the pos-
sibilities of prevention and treatment. Despite the complexity of the subject, the 
authors of each chapter have tackled all the aspects mentioned above in-depth, with 
skill and professional rigour combined with practical explanations addressed to the 
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physicians who detect the risks and take care of these patients. This has resulted in 
an easy-to-read and, at the same time, enriching book that achieves its objective: 
putting within the reach of medical professionals current advances that, together 
with common sense and personal experience, may help improve the life expectancy 
and quality of life of our patients.  

      Barcelona ,  Spain        Antonio     Coca     
 June 2016 

Preface
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 The European Society of Hypertension wishes to acknowledge that this book origi-
nated in an idea from the “Working Group Hypertension and the Brain” and would 
not have been possible without the valued contributions of its members.  
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  1      Epidemiology of Hypertension and Brain 
Disease                     

       Renata     Cifkova      and     Peter     Wohlfahrt   

1.1           Epidemiology of Hypertension 

 Hypertension is the most prevalent cardiovascular disorder, affecting 20–50 % of 
the adult population in developed countries [ 1 ]. Systolic blood pressure (BP) 
increases throughout adulthood in most populations, whereas diastolic BP peaks at 
about 60 years of age in men and 70 years in women and falls gradually thereafter. 
The increase in BP with age is greater in systolic BP. Aging also results in a progres-
sive increase in pulse pressure (difference between systolic and diastolic BP). In 
young and middle-aged adults, systolic and diastolic BP are higher in men than in 
women. However, the BP increase in adulthood is steeper in women than in men 
(0.6–1.2 mmHg/year in women and 0.4–0.8 mmHg/year in men from 30 years of 
age to the midpoint of the 70–79 years age group) [ 2 ]. Consequently, the systolic BP 
of women aged > 70 years is equal to or higher than that of men. Therefore, the 
prevalence of hypertension in the elderly is higher in women. 
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 There are huge differences in the prevalence of hypertension worldwide [ 1 ]. 
However, an exact comparison of reported prevalence data is diffi cult as studies dif-
fer substantially in methodologies (number of BP readings taken during a visit, 
number of visits, BP measuring devices); sometimes data are only presented from 
limited and incomparable age groups and regions. Therefore, some authors feel it is 
more appropriate and informative to present data in terms of mean BP levels. An 
analysis of about 230 surveys including more than 660,000 participants found con-
sistently high mean systolic BP in Eastern Europe and Africa, whereas the lowest 
mean systolic BP levels were reported from South East Asia and the Western Pacifi c 
[ 2 ]. Differences in mean BP levels have also been reported within the United States, 
with the highest in the South and lowest in the West. This is consistent with regional 
differences in stroke mortality [ 3 ]. 

 The awareness and treatment of hypertension also vary considerably between 
countries and regions [ 1 ]. In developed countries, approximately 50–70 % of hyper-
tensive individuals in the general population are aware of their disease, but only 
30–60 % are receiving antihypertensive drugs. A recent publication using data from 
the National Health and Nutrition Examination Survey 2003–2012 found an 
improvement in the awareness and treatment of hypertension in both sexes, which 
were, however, generally better in women. Results from the latest survey (2011–
2012) are impressive: awareness, 79.6 % in men and 84.8 % in women; treatment, 
69.6 % in men, 79.8 % in women [ 4 ]. The awareness and treatment of hypertension 
is lower in developing countries. 

 Hypertension is inadequately controlled worldwide, and predominantly uncon-
trolled in developing countries [ 1 ]. Better control of hypertension has repeatedly 
been shown in North America compared with Europe [ 1 ,  5 ]. An update on the epi-
demiology of hypertension in Canada (based on data from surveys conducted in 
2012–2013) documented control of hypertension in 68.1 % of individuals [ 6 ]. 
Stroke mortality may be considered a surveillance measure indicating hypertension 
control [ 7 ]. The fact that stroke mortality in the USA and Canada continues to be 
substantially lower than in Europe is consistent with this idea [ 5 ,  8 ,  9 ].  

1.2     Blood Pressure as a Risk Factor for Stroke 

 Elevated BP has been identifi ed as a risk factor for coronary heart disease (CHD), 
heart failure, stroke, peripheral arterial disease, renal failure, and atrial fi brillation in 
both sexes in a large number of epidemiological studies. A recent systematic analy-
sis for the Global Burden of Disease Study ranked high BP fi rst among risk factors 
for the disease burden worldwide [ 10 ]. 

 Elevated BP is the strongest modifi able risk factor for stroke, both ischemic and 
hemorrhagic. Approximately 85 % of strokes are ischemic, and the remaining 15 % 
are due to hemorrhage (about half from intracerebral hemorrhage and half from 
subarachnoid hemorrhage). 

 About 54 % of strokes worldwide are attributed to high BP (systolic 
BP > 115 mmHg) [ 11 ]. Data from observational studies involving one million 
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individuals have indicated that death from stroke increases progressively and lin-
early from BP levels as low as 115 mmHg systolic and 75 mmHg diastolic upward 
in an approximately log-linear relationship with BP (Fig.  1.1 ) [ 12 ]. Age attenuates 
this relationship and the stroke risk increases with every 10 mmHg of systolic BP by 
40–50 %, 30–40 %, and 20–30 % for the < 60, 60–69, and ≥70 year age groups, 
respectively [ 13 ].

   Lowering BP substantially reduces the stroke and coronary risks. A meta- 
analysis of randomized controlled trials comparing antihypertensive drugs with pla-
cebo showed a 30 % stroke risk reduction if BP was lowered. A meta-regression 
analysis suggests a risk reduction of 31 % for every 10 mmHg of systolic BP [ 13 ]. 
The benefi t of BP reduction from clinical trials is therefore consistent with the data 
from observational cohort studies.  

1.3     Epidemiology of Stroke 

 The prevalence of stroke in the general population increases with age and is particu-
larly high for the > 80 years age group [ 8 ] (Fig.  1.2 ).

   The incidence of stroke in the general population also increases with age. The 
40-year follow-up data from the Framingham Study are shown in Table  1.1  [ 14 ]. 
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The age-adjusted incidence of stroke/transient ischemic attack by race and sex in 
the Atherosclerosis Risk Community Study is presented in Fig.  1.3  [ 8 ].

    The incidence of stroke is directly related to BP levels. The Framingham Heart 
Study found ischemic stroke was three times more frequent in persons with stage 2 
or 3 hypertension (systolic BP ≥ 160 mmHg) and 50 % higher in stage 1 hyperten-
sion (systolic BP 140–159 mmHg) than in persons with high-normal BP and nor-
motensives [ 15 ]. 

 However, for a long time, diastolic BP was considered a better predictor of stroke 
and CHD than systolic BP. The majority of randomized controlled trials in 
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  Fig. 1.2    Prevalence of stroke by age and sex. National Health and Nutrition Examination Survey 
2009–2012 (Adapted from Mozaffarian et al. [ 8 ])       

   Table 1.1    Annual incidence of completed strokes in men and women aged 35–94 years   

 Men  Women 

 Age, years   n   Rate/1000   n   Rate/1000 
 35–44  3  0.40  4  0.44 
 45–54  26  1.79  18  0.99 
 55–64  64  3.50  62  2.60 
 65–74  122  8.43  129  6.12 
 75–84  90  16.17  137  13.46 
 85–94  7  …  56  24.34 
 Total  312  6.03 a   406  4.53 a  

  Adapted from Wolf [ 14 ] 
 Data are from the Framingham Study: 40-year follow-up 
  a Age adjusted, 45–84 years  
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hypertension used diastolic BP as an inclusion criterion until the 1990s. However, a 
large dataset from observational studies confi rmed that both systolic and diastolic 
BP are associated with a continuous, graded, and independent relationship with 
increased stroke and CHD [ 12 ]. A 20-year follow-up of the National Health and 
Nutrition Examination Survey of 12,344 adults aged 25–74 years showed an 
increased risk of ischemic stroke and intracerebral hemorrhage in patients with bor-
derline isolated systolic hypertension (systolic BP 140–159 mmHg and diastolic 
BP < 90 mmHg), similar to those with isolated systolic hypertension (systolic 
BP ≥ 160 mmHg and diastolic BP < 90 mmHg) and diastolic hypertension (diastolic 
BP ≥ 90 mmHg) (Table  1.2 ) [ 16 ].

   Stroke is the second leading cause of death globally, with signifi cant geographic 
differences. A comprehensive analysis of 119 studies (58 from high-income, and 61 
from low- and middle-income countries) showed a decrease in age-standardized 
rates of stroke mortality worldwide in past decades; however, the age-standardized 
incidence of stroke decreased signifi cantly (by 12 %) only in high-income countries 
[ 17 ]. Stroke is the second leading cause of death in Europe, accounting for 9 % of 
total mortality in men and 14 % in women [ 9 ]. Redon et al. [ 18 ] analyzed trends in 
stroke mortality from 1990 to 2006 in 39 countries from Europe and Central Asia. 
Stroke mortality decreased sharply only in countries with low adult and very low 
child and adult mortality. The American Heart Association/American Stroke 
Association concluded that the decline in stroke mortality in the USA represents a 
major improvement in the health of the population and has been seen for both sexes 
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and all racial/ethnic and groups. The decrease in mortality is due to the reduced 
incidence of stroke and lower case fatality rates. This is concurrent with improved 
control of major cardiovascular risk factors and hypertension in particular [ 19 ].  

1.4     Epidemiology of Dementia 

 The term dementia comprises various symptoms such as progressive memory loss and 
behavioral changes which, together, interfere with the independent performance of 
the tasks of daily living. Dementia is one of the major causes of loss of autonomy, the 
main reason for institutionalization in the elderly, and the sixth leading cause of death 
and disability in higher-income countries. The prevalence of dementia shows a strong 
increase with age from 5 % at the age of 65 years to 20 % at 80 years and 40 % at 90 
years. Currently, an estimated 53 million people worldwide are living with dementia 
[ 20 ]. In the last 20 years, there has been no change in age- standardized rates of demen-
tia, while the years lived with dementia increased by 92 % and the prevalence increased 
by 89 % due to aging of the population. The prevalence of dementia is expected to 
triple by 2050. The vast majority of new cases are expected in developing countries. 
For example, the number of persons with dementia in China and India will increase by 
300 %, while a 100 % increase is expected in developed countries [ 21 ]. As there is 

   Table 1.2    Age-adjusted and multivariate-adjusted relative risks of stroke, ischemic stroke, and 
intracerebral hemorrhage   

 Participants 
 Sample 
size 

 No. of 
strokes 

 Stroke rate 
per 100 

 Age-adjusted 
RR (95 % CI) 

 Multivariate- adjusted 
RR (95 % CI) 

 All strokes 
   Normotension  6656  224  3.4  Reference  Reference 
   Diastolic 

hypertension 
 3954  397  10.0  2.2 (1.9–2.6)  1.9 (1.6–2.3) 

   ISH  493  86  17.4  2.8 (2.2–3.6)  2.7 (2.0–3.4) 
   BISH  1241  118  9.5  1.5 (1.2–1.9)  1.4 (1.1–1.8) 
 Ischemic stroke 
   Normotension  6656  201  3.0  Reference  Reference 
   Diastolic 

hypertension 
 3954  354  9.0  2.2 (1.8–2.6)  1.9 (1.6–2.7) 

   ISH  493  82  16.6  2.9 (2.2–3.8)  2.7 (2.1–3.6) 
   BISH  1241  118  8.7  1.5 (1.2–1.9)  1.4 (1.1–1.8) 
 Intracerebral hemorrhage 
   Normotension  6656  24  0.4  Reference  Reference 
   Diastolic 

hypertension 
 3954  49  1.2  2.8 (1.7–4.6)  2.4 (1.5–4.1) 

   ISH  493  9  1.8  3.2 (1.4–7.2)  3.1 (1.4–6.9) 
   BISH  1241  16  1.3  2.2 (1.2–4.3)  2.1 (1.1–4.1) 

  Adapted from Qureshi et al. [ 16 ] 
 Multivariate-adjusted for age, sex, race, body mass index, smoking, alcohol use, cholesterol level, 
education, history of myocardial infarction, and diabetes mellitus 
  RR  indicates relative risk,  ISH  isolated systolic hypertension,  BISH  borderline isolated systolic 
hypertension  
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currently no effective treatment, studying and infl uencing the modifi able risk factors 
of dementia is a major health challenge in the forthcoming years. 

 Alzheimer disease (AD) is the main form of dementia, accounting for approxi-
mately 70 % of cases, followed by vascular dementia (VaD) (15 %). VaD has tradi-
tionally been distinguished from AD, which was considered a purely 
neurodegenerative form of dementia. However, several population-based cohort 
studies have shown that vascular risk factors are associated with the risk of both 
VaD and AD [ 22 ,  23 ]. This has led to the hypothesis that the vast majority of cases 
of dementia are a mix of vascular injury and neurodegenerative lesions [ 24 ]. 
Hypertension is one of the strongest vascular risk factors for dementia. Nonetheless, 
the association between hypertension and cognitive decline and dementia is com-
plex and seems to vary with age [ 25 ]. 

1.4.1     Midlife Versus Late-Life Hypertension and Dementia 

 The strongest evidence for the association between hypertension and dementia 
comes from long-term follow-up observational studies with midlife measures of BP 
and late-life measures of cognitive performance. In a Swedish study [ 26 ], subjects 
who developed dementia during a follow-up of 10–15 years had higher baseline 
systolic and diastolic BP compared with those without later dementia. An increased 
risk of dementia in subjects with increased BP at baseline was also found in the 
Honolulu-Asia Aging Study [ 22 ] and a Finnish Study [ 23 ]. In the Kaiser Permanente 
study of 8,845 participants, hypertension at midlife increased the risk of dementia 
by 24 % (95 % confi dence intervals 4–48 %) [ 27 ]. 

 In contrast, the association between late-life measures of BP and cognition is less 
consistent. In the Kungsholmen project [ 28 ], increased pulse pressure increased the 
risk of dementia, while in the Bronx Aging Study [ 29 ] low diastolic BP was associ-
ated with a higher risk of dementia in individuals aged > 75 years. This suggests an 
important role of arterial stiffness and pressure pulsatility in the elderly. Other stud-
ies have shown that a decline in BP in late life is associated with poor cognition and 
incident dementia. The no association or inverse association between BP observed 
in elderly subjects or patients with manifest dementia may be explained by the 
observation that BP declines in the years before dementia onset, which means that 
BP in patients with dementia is similar to or even lower than that of individuals 
without dementia [ 26 ]. 

 The age-specifi c association between BP and cognitive function may have sev-
eral possible explanations. First, exposure to hypertension in midlife probably bet-
ter refl ects the total exposure to elevated BP throughout life. Second, the assessment 
of BP in late life may be modifi ed by survival bias because of premature death due 
to hypertension-related cardiovascular diseases. Furthermore, the impact of vascu-
lar risk factors may be confounded by concomitant chronic diseases and age- related 
neurodegenerative diseases. 

 In conclusion, the link between BP and cognitive function is complex. 
Hypertension predisposes to cognitive decline and dementia, although BP com-
monly decreases when dementia develops.   
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1.5     Antihypertensive Therapy and Dementia 

 Several nonrandomized longitudinal studies have evaluated the link between antihy-
pertensive treatment and dementia [ 30 ]. While some found no signifi cant effect of 
antihypertensive therapy on the risk of dementia [ 31 – 33 ], most studies showed a 
signifi cant benefi t of antihypertensive treatment in VaD and AD. A risk reduction of 
30–65 % was described in the Kungsholmen Project [ 34 ], Cache Country Study 
[ 35 ], the HAAS [ 36 ], and US Veterans Affairs Health System studies [ 37 ]. 
Interestingly, a dementia risk reduction of 19 % using antihypertensive therapy was 
also demonstrated in subjects without hypertension [ 38 ]. In a recent study, diuretics, 
angiotensin-converting enzymes (ACEis), angiotensin receptor blockers (ARBs), 
and beta-blockers (BBs) reduced the risk of AD in participants with normal cogni-
tion at baseline, while only diuretics decreased the risk of AD in subjects with mild 
cognitive impairment [ 39 ]. 

 The results of the few randomized controlled trials have been inconsistent. In the 
SYST-EU (Systolic Hypertension in Europe) study, a dihydropyridine calcium 
channel blocker (possibly combined with an ACEi or a diuretic) decreased the risk 
of dementia by 50 % [ 40 ]. The extension of this trial (SYST-EUR 2) found that 
long-term antihypertensive therapy reduces the risk of dementia by 55 % [ 41 ]. In the 
PROGRESS study [ 42 ], ACEi therapy did not decrease the risk of dementia among 
patients without a history of stroke, while there was a trend toward a greater risk 
reduction in subjects treated with combination therapy (perindopril + indapamide). 
No benefi t of antihypertensive therapy was shown in the SHEP (Systolic 
Hypertension in the Elderly Program) [ 43 ], SCOPE [ 44 ], or HYVET-COG [ 45 ] 
studies. The discrepancies between studies may be explained by the heterogeneity 
of the populations studied (middle-age vs. elderly), the short follow-up, small dif-
ferences in BP between active and control groups and the low sensitivity of the 
cognitive tests used. 

 A network meta-analysis of published studies has shown that in hypertensive 
patients without prior cerebrovascular disorders, antihypertensive therapy (regard-
less of drug class) has a positive effect on overall cognition and all cognitive func-
tions except language [ 46 ]. Furthermore, antihypertensive treatment decreased the 
risk of dementia by 9 % when randomized trials and observational studies were com-
bined, and ARBs were more effective than other drug classes. However, the effect on 
dementia was not signifi cant when only randomized studies were analyzed.  

1.6     Stroke-Related Dementia 

 Hypertension is the strongest risk factor for stroke. Furthermore, stroke is a risk fac-
tor for post-stroke dementia, while dementia predisposes to stroke. Dementia is 
more frequent in individuals with a history of stroke than in those without. Soon 
after the fi rst stroke, 10 % of patients develop dementia, while the rates are about 
three times as high after recurrent stroke [ 47 ]. It is estimated that stroke increases 
the risk of dementia by 2–5 times, making stroke one of the strongest risk factors for 
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dementia. Many randomized studies have demonstrated that BP lowering reduces 
the risk of stroke and stroke recurrence [ 48 ]. However, the evidence that BP lower-
ing decreases the risk of stroke-related cognitive decline and dementia is much 
weaker due to the limited number of studies with a relatively short follow-up. In the 
Perindopril Protection Against Recurrent Stroke Study (PROGRESS) in patients 
with a history of stroke or transient ischemic attack, an ACEi with or without a 
diuretic decreased the risk of post-stroke dementia by one third and halved the risk 
of severe cognitive decline compared with placebo [ 42 ].     
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2.1           Introduction 

 Lipid metabolism may be affected in several ways, leading to alteration of plasma 
lipoprotein function and/or levels. Dyslipidaemia is the overproduction of or defi -
ciency in lipids and/or lipoproteins (in terms of levels and function) and is associ-
ated with a broad spectrum of disorders that both the cardiovascular (CV) system 
and the brain [ 1 ]. Brain function is directly and indirectly associated with lipopro-
tein levels and function. Lipoproteins are closely involved in the regulation of cen-
tral nervous system function [ 2 ] and promote atherosclerosis, predisposing to 
premature cardiovascular diseases. Studies have shown that alterations in lipid 
metabolism may affect both brain perfusion and function, leading to the emergence 
of lesions that may increase morbidity and mortality. In this chapter, we focus on the 
effects of lipid metabolism alterations on brain function and status, emphasizing the 
effects of dyslipidaemias on the pathophysiology and perfusion of the brain.  

2.2     Dyslipidaemia and Brain Function 

 The brain contains approximately 25–30 % of total human cholesterol, while 70 % 
of myelin is made of lipids [ 3 ]. Lipids are involved in the regulation of the central 
nervous system (CNS), neural plasticity and function. Experimental studies have 
shown that apolipoprotein (apo) E and the very low-density lipoprotein receptor 
(LDL receptor family members) adjust neuronal migration, which is important for 

mailto:draganl1@sbb.rs
mailto:lovicd@eunet.rs


14

brain development, through the activation of tyrosine kinases and the transmission 
of extracellular signals [ 2 ]. Moreover, apo E is the most important transport protein 
for cholesterol in the brain. Hence, during the development of the CNS, cholesterol 
synthesis is increased (de novo synthesis from the brain) while it declines to very 
low levels in adults. The blood–brain barrier prevents cholesterol uptake from the 
circulation, and, in adults, cholesterol derives mainly from effi cient recycling by the 
brain [ 3 ]. 

 Alterations in plasma lipoprotein function and/or levels may signifi cantly affect 
CNS homeostasis. HDL and apolipoprotein A-I (a major component of plasma 
HDL) exert a signifi cant anti-infl ammatory and antioxidant effect on endothelial 
cells and also affect the integrity of the blood–brain barrier [ 4 – 6 ]. Dyslipidaemia can 
potentiate pro-infl ammatory and thrombogenic processes through the adhesion of 
molecules and recruitment of leukocytes while also inducing endothelial dysfunction 
[ 4 – 6 ]. Moreover, dyslipidaemia attenuates vascular endothelial growth factor-
induced angiogenesis and impairs cerebral blood fl ow by decreasing the pericyte 
coverage of endothelial brain cells. Also compromising vessel formation and haemo-
dynamics, dyslipidaemia also affects brain perfusion, leading to further cellular and 
functional deterioration [ 7 ]. Studies have linked dyslipidaemia with the presence or 
progress of multiple sclerosis and Alzheimer disease [ 8 ,  9 ]. 

 In a retrospective longitudinal study in 492 patients with multiple sclerosis [ 8 ], 
patients with increased cholesterol levels presented more contrast-enhancing lesions 
on brain MRI. Higher HDL levels were associated with lower levels of acute infl am-
matory activity and lower contrast-enhancing lesion volume, while higher LDL levels 
were associated with a worse expanded disability status score. In addition, experimen-
tal studies in rabbits have shown that increased cholesterol levels enhance the accu-
mulation of amyloid beta peptide in the brain, thus increasing the incidence of 
Alzheimer disease [ 10 ]. The mechanism responsible was an increase in the 
β-secretase pathway observed in patients with hypercholesterolaemia, which leads 
to an accumulation of Aβ 1–40 and Aβ 1–42 peptides, which increase the formation 
of extracellular amyloid deposits [ 11 ,  12 ]. 

 Dyslipidaemia also signifi cantly infl uences blood–brain barrier integrity, mainly 
by decreasing pericyte coverage [ 13 ] and abolishing vascular endothelial growth 
factor (VEGF) which is important for the preservation of the blood–brain barrier 
[ 7 ]. The decrease in pericyte coverage of endothelial cells observed in patients with 
dyslipidaemia signifi cantly infl uences blood–brain barrier integrity, since pericytes 
also control vascular reactivity [ 13 ].  

2.3     Dyslipidaemia, Atherosclerosis and Thrombosis 

 Lipids are closely involved in the development and progression of atherosclerosis. 
The process begins with the subendothelial accumulation of lipoproteins, starting a 
vicious cycle of lipoprotein oxidation that leads to endothelial dysfunction, activa-
tion of the infl ammatory response with T cell recruitment, the secretion of cytokines 
and accumulation of monocytes and macrophages. 
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 Circulating plasma lipoproteins, containing both ‘free’ cholesterol (nonesterifi ed 
cholesterol) and cholesteryl ester, enter the subendothelial space, mainly through gaps 
between endothelial cells. Normally, lipoproteins are not retained in this space but re-
enter the circulation. However, in patients with increased levels of lipoproteins, lipo-
protein retention begins (promoted by the high concentration of lipoproteins) leading 
to their accumulation [ 14 ]. LDLs (low-density lipoproteins) and VLDL (very low-
density lipoproteins) are the two classes of lipoproteins that mainly contribute to ath-
erogenesis. Oxidative products secreted from the endothelium initiate lipid (especially 
LDL) peroxidation, while the modifi ed/oxidized LDL is internalized from macro-
phages that accumulate lipoprotein-derived cholesterol in the form of intracellular 
cholesteryl ester droplets (foam cell formation) [ 15 ]. Macrophages are derived mainly 
from circulating monocytes, and the formation of foam cells marks the creation of 
fatty streaks, which, although not occlusive, may progress to more complex lesions 
over time. After the formation of fatty streaks, smooth muscle cells migrate from the 
media to the intima and also secrete collagen and matrix proteins [ 15 ]. Smooth cells 
may also accumulate lipids, becoming foam cells. At the same time, the macrophages 
continue to accumulate lipids, with the formation of foam cells leading to the forma-
tion of fi brous lesions. As this process continues, there is further accumulation and 
fusion of lipoproteins. Foam cells due to excess free cholesterol (some in crystalline 
form) undergo necrotic apoptosis and die, releasing lipid droplets and contributing to 
the formation of the lipid, or necrotic, core (atheroma) [ 15 ]. This complex lesion also 
involves haemorrhage, microthrombi and calcifi cation. 

 Tissue factor (a potent anticoagulant) is only expressed in the adventitia, while the 
endothelium has anticoagulant properties. Dyslipidaemia leads to signifi cant endothe-
lial dysfunction (as mentioned above), while oxidized LDLs induce monocytes and 
endothelial cells to express high levels of tissue factor [ 16 ,  17 ]. Moreover, oxidized 
LDL increases plasminogen activator inhibitor levels [ 18 ] further increasing the pro-
thrombotic state. Thus, rupture of the plaque exposes high levels of tissue factor, lead-
ing to thrombosis. Moreover, oxidized LDL inhibits the expression of nitric oxide 
synthase and subsequent vasodilation, further contributing to vessel occlusion [ 19 ].  

2.4     Dyslipidaemia and Stroke 

 As mentioned above, dyslipidaemia not only affects brain function but also enhances 
the development and progression of atherosclerosis while increasing the prothrom-
botic state, leading to vessel occlusion and ischaemia, and predisposing to athero-
thrombotic and cardioembolic strokes. 

 After the formation of atheroma, morbidity and mortality are high due to disrup-
tions of the surface of the lesion and subsequent haematoma/haemorrhage and 
thrombotic deposits, leading to vessel stenosis or occlusion. To detect atheromatous 
plaques at high risk of rupture/erosion leading to an acute event, the term vulnerable 
plaque has been introduced. The presence of thrombus, a large necrotic core, a 
fi brous cap covering the necrotic core, high macrophage density, few smooth mus-
cle cells, expansive remodelling preserving the lumen, neovascularization from the 
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vasa vasorum, plaque haemorrhage, adventitial/perivascular infl ammation and 
spotty calcifi cation characterize a plaque at high risk of rupture or erosion [ 20 ]. 

 The association between dyslipidaemia and stroke is well established, and the 
fact that the treatment of dyslipidaemia leads to a reduction in stroke morbidity and 
mortality means dyslipidaemia is one of the major modifi able risk factors. Since the 
treatment targets for dyslipidaemia are based on the results of clinical trials and the 
majority of lipid-lowering trials have used LDL-C levels as an indicator, LDL-C 
levels are the primary target in most dyslipidaemia management guidelines [ 1 ,  21 ]. 
It is estimated that, for every 1.0 mmol reduction in LDL-C, there is a 22 % reduc-
tion in cardiovascular morbidity and mortality [ 22 ]. Other lipoproteins have been 
shown to be useful in the risk assessment of the patients, including apo B, HDL-C 
and triglycerides, while reductions in these lipoproteins or increases in HDL-C 
result in improvements in CVD morbidity and mortality [ 1 ]. 

 Although the development and progression of atheromatous plaque is probably the 
most recognized stroke mechanism, dyslipidaemia can induce or aggravate stroke by 
other mechanisms. Dyslipidaemia can disrupt cerebrovascular refl exes and worsen 
ischaemic perfusion defects. Impacting negatively on endothelial function, dyslipi-
daemia also affects complex cerebrovascular responses in the case of stroke altering 
cerebral blood fl ow while compromising the function of collateral vessels which play 
a critical role in sustaining tissue perfusion and survival [ 23 ]. Compromising cerebral 
blood fl ow homeostasis leading to brain hypoperfusion not only aggravates ischaemic 
lesions after stroke but also enhances hypoperfusion in the case of other conditions 
such as hypotension, leading to further ischaemic aggravation [ 23 ]. These effects of 
dyslipidaemia have been observed in experimental models and in vessels without ath-
erosclerotic stenosis, signifying that, in general, the brain is exposed to hypoperfusion 
induced by dyslipidaemia and is more vulnerable in the case of stroke. Thus, supply 
or demand mismatch during functional metabolic activation can lead to chronic 
hypoxic ischaemia. Moreover, as mentioned above, dyslipidaemia affects blood–brain 
barrier permeability, which can aggravate brain oedema after stroke [ 24 ].  

2.5     Reducing Cholesterol Levels and Stroke Prevention 

 Dyslipidaemia is a major modifi able risk factor, and therefore reducing cholesterol 
levels improves the prognosis in these patients. Since most cholesterol in plasma is 
carried in LDLs, most studies have assessed the effect of LDL lowering in primary 
and secondary prevention. 

2.5.1     Statin Treatment and the Incidence of Stroke in Primary 
Prevention 

 Several major clinical trials have reported a signifi cant reduction in the incidence of 
ischaemic stroke or transient ischaemic attacks (TIA) after statin treatment in patients 
at high CV risk. A meta-analysis of 7961 patients with coronary heart disease (CHD) 
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found that statin use was associated with a 29 % reduction in stroke incidence [ 25 ]. 
Data from the Cardiovascular Health Study show that patients treated with statins 
had a fourfold lower risk of silent cerebral infarcts compared with non-users [ 26 ]. 
Likewise, in the CARE (Cholesterol and Recurrent Events) study [ 27 ] and the LIPID 
(Long-Term Intervention with Pravastatin in Ischaemic Disease) trial [ 28 ], the use of 
statins in patients with CHD was associated with a stroke risk reduction of 32 % and 
26 %, respectively. Overall, with respect to primary stroke prevention, most trials 
have shown that statin treatment mainly infl uences the incidence of ischaemic stroke 
and does not affect the incidence of haemorrhagic stroke.  

2.5.2     Statin Treatment in Stroke Patients and Secondary 
Prevention 

 In addition to the primary prevention of stroke, the use of statins is also benefi cial in 
secondary prevention. In high CV risk patients, the use of statins before ischaemic 
stroke was associated with better post-stroke outcomes and prognosis. In a retro-
spective study that analysed records from 12,689 patients admitted with ischaemic 
stroke, the use of statins before hospitalization for ischaemic stroke was associated 
with improved post-stroke survival (hazard ratio, 0.85; 95 % CI, 0.79–0.93; 
 p  = 0.001) [ 29 ]. Patients with a higher statin dose had the most benefi t. Early statin 
administration was associated with a further improvement in survival ( p  < 0.001). 
Likewise in a meta-analysis of 113,148 subjects hospitalized for ischaemic stroke, 
the use of statins before hospitalization was associated with a good functional out-
come at 90 days (pooled odds ratio [OR], 1.41; 95 % CI, 1.29–1.56;  p  < 0.001) and 
with reduced fatality at 90 days (pooled OR, 0.71; 95 % CI, 0.62–0.82;  p  < 0.001) 
and 1 year (OR, 0.80; 95 % CI, 0.67–0.95;  p  = 0.01) [ 30 ]. 

 In addition to retrospective studies and meta-analyses, several randomized stud-
ies have shown the effi cacy of statin therapy in the secondary prevention of stroke. 
In the SPARCL trial of 4278 patients with TIA or stroke within 1–6 months (with-
out known CHD and low-density lipoprotein cholesterol 100–190 mg/dL), patients 
were randomized to treatment with atorvastatin 80 mg per day or placebo [ 31 ]. 
Intensive lipid lowering with atorvastatin reduced the risk of cerebro- and cardio-
vascular events by 33 % (hazard ratio [HR] 0.67, 95 % CI 0.47, 0.94;  p  = 0.02) in 
patients with and without carotid stenosis. In patients with acute stroke, the early 
administration of statins improves outcomes. In the North Dublin Population Stroke 
Study [ 32 ], statins were prescribed and administered acutely (<72 h from the event) 
in 42.5 % of patients. New post-stroke statin therapy was independently associated 
with improved early and late survival (compared with statin-untreated patients: OR 
for death, 0.12; CI, 0.03–0.54 at 7 days; OR, 0.19; CI, 0.07–0.48 at 90 days; OR, 
0.26; CI, 0.12–0.55 at 1 year;  p  = 0.006 for all). It seems that acute statin administra-
tion (at least in the fi rst 3–7 days after stroke) markedly improves outcomes in those 
patients. The reason for this improvement lies in the pleiotropic effects of statins. 
Statin administration reduces infl ammation and improves endothelial and laminar 
fl ow and collateral blood fl ow [ 1 ,  21 ,  22 ]. In addition, statins enhance endogenous 
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tissue-type plasminogen activator (exerting a signifi cant antithrombotic effect) 
while they improve the lipid profi le, which is closely related to the development and 
progression of atherosclerosis.   

2.6     Summary and Conclusions 

 Lipoproteins are closely involved in the regulation of central nervous system func-
tion and also promote the development and progression of premature cardiovascular 
diseases, due not only to the development and progression of atheroma plaque but 
also to their infl uence on brain homeostasis. Treatment with statins and cholesterol 
reduction is the cornerstone of treatment in these patients, as it improves cardiovas-
cular morbidity and mortality.     
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  3      Comorbidities Often Associated 
with Brain Damage in Hypertension: Salt 
and Alcohol Intake and Smoking Habits                     

       Ana     Vrdoljak     ,     Bojan     Jelaković      , and     Dragan     Lović    

3.1           Introduction 

 Lifestyle modifi cation is of particular interest for stroke prevention, as the incidence 
of stroke has decreased by up to 42 % in developed countries within the last 30 years 
compared with an increase of more than 100 % in developing countries, indicating 
the important role of lifestyle and diet, which are infl uenced not only by culture and 
tradition but also by education and the socioeconomic burden [ 1 ]. 

 The association between alcohol consumption and stroke risk is J-shaped: slight- 
to- moderate alcohol intake (≤2 drinks per day for men and ≤1 drink per day for 
women, respectively) may reduce stroke risk by 30 %, while higher consumption 
signifi cantly increases the risk of stroke [ 2 ]. 

 Data from the United States suggests that smoking contributes to 12–14 % of all 
stroke deaths, and all risk assessment tools include smoking as a risk factor for 
stroke. A dose-response relationship has been observed [ 2 ]. The risk of stroke in 
passive smokers is almost double that found for active smoking, indicating that the 
smoking exposure threshold might be more important than the linear dose-effect 
relationship [ 2 ]. A former smoker has the same risk as a nonsmoker, showing that 
smoking cessation is effective in stroke prevention [ 3 ]. 

 Hypertension is the most important modifi able risk factor for stroke, and excess 
salt intake plays a major role in the pathogenesis of elevated blood pressure (BP) 
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[ 4 ]. There is ongoing debate about whether sodium intake has differing effects on 
cardiovascular (CV) outcomes and whether lowering salt intake is benefi cial and for 
whom [ 5 ]. However, no study has reported an inverse association for stroke. A 
recent meta-analysis by Strazzulo et al. showed that higher salt intake was associ-
ated with greater risk of stroke and CV disease (CVD) [ 6 ]. It was estimated that a 
reduction in habitual dietary salt intake of 6 g a day would be associated with reduc-
tions in systolic/diastolic BP of 7/4 mmHg in people with hypertension and 
4/2 mmHg in those without hypertension, predicting a mean reduction in the stroke 
rate of 24 % at the population level [ 7 ,  8 ]. 

 About 38 % of stroke cases were estimated as preventable through adherence to a 
healthy lifestyle without gender differences and in different strata of hypertension status 
and antihypertensive drug treatments: therefore, primary stroke prevention is a priority 
[ 9 ,  10 ]. Evidence-based guidelines recommend that secondary prevention interventions 
should be initiated while the patient is in hospital and should be multimodal, including 
drugs in conjunction with the active provision of lifestyle information and education [ 11 ]. 

 In addition to being effective, stroke prevention is approximately tenfold more 
cost-effective than treating acute stroke with tissue plasminogen activator (tPA) 
[ 12 ]. A major aim of health promotion and prevention is to maximize health during 
life rather than necessarily preventing the inevitable. In 1946, the new WHO consti-
tution incorporated a defi nition of health proposed by the Croatian public health 
pioneer, Andrija Štampar, who said health was “a state of complete physical, mental 
and social well-being and not merely the absence of disease or infi rmity . ” 

 Simple and cheap measures could prevent stroke and contribute to healthy aging. 
Here we offer some evidence about the importance of smoking cessation, salt intake 
reduction, and moderate alcohol consumption.  

3.2     Alcohol and Brain Damage 

 Before any discussion about the relationship between alcohol and BP, CVD, or 
stroke, it is important to understand the nomenclature because various defi nitions 
and criteria have been used in different cultures, countries, and studies. Box  3.1  
shows the defi nition of a standard drink, and Box  3.2  shows the type of drinking. 

  Box 3.1 What is a standard drink? 
 A standard drink is a notional drink that contains a specifi ed amount of pure 
alcohol (ethanol). One standard drink always contains the same amount of alco-
hol regardless of the container size or type of alcohol beverage, but, neverthe-
less, the quantity of alcohol within a standard drink varies signifi cantly from 
country to country and consequently within scientifi c reports and studies. 

 To overcome this problem, the term standard drink has been replaced by the 
term unit of alcohol. A unit of alcohol is defi ned as the quantity of pure alcohol per 
serving in grams. This measure also varies around the globe, but the mean alcohol 
per unit in Europe and the United States is 12 g [ 13 ]. Based on 12 g of pure alcohol 
per unit, one unit is 150 ml of wine, 350 ml of beer, and 44 ml of spirit [ 13 ]. 
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3.2.1       Alcohol and Its Burden 

 Alcohol use contributes roughly 4 % of the global burden of disease, and its consump-
tion is estimated to be the third most important modifi able risk factor for death and 
disability worldwide [ 13 ]. In 2010, the worldwide mean amount of pure alcohol con-
sumed per person aged >15 years was 6.2 l/year or 13.5 g/day [ 14 ]. According to the 
literature, on average, we should all benefi t from alcohol consumption. The relation-
ship between alcohol use and health outcomes is complex and depends on the amount, 
type, and pattern of use. The Global Burden of Disease Study reports alcohol as a 
signifi cant cause of chronic disease, but was mostly based on data from high-income 
countries, and alcohol consumption was mostly extrapolated from alcohol sales [ 15 ]. 
Unfortunately, good epidemiological data for patterns of alcohol use and health out-
comes in middle-income and low-income countries are lacking, especially due to the 
traditional habit of drinking homemade beverages. In the PURE study (Prospective 
Urban Rural Epidemiology), 75 % of adult participants in high-income countries 
reported alcohol consumption compared with 12 % in low- income countries, who 
were younger and more prone to binge and heavy drinking [ 16 ]. Therefore, any poten-
tial reduced CV risk was masked by increased mortality and morbidity from alcohol-
related injury in younger subjects and a higher risk of cancer in older adults [ 17 ].  

3.2.2     The Good Side: How It Is Done 

 Alcohol in moderation affects the lipid profi le; improves insulin sensitivity, endothe-
lial function, and fi brinolysis; lowers abdominal obesity; reduces systemic infl am-
mation and oxidative stress; and reduces postprandial hypercoagulability and platelet 
aggregation [ 18 ]. Many studies have tried to attribute these desirable functions not 
only to ethanol itself but also to various compounds in alcoholic beverages. Currently, 
polyphenols (found not only in wine but also beer, liqueurs, coffee, tea, oils, etc.) are 

  Box 3.2 Type of drinking 
 A literature review shows that not only the amount of alcohol per unit and the 
quantity of beverage per unit vary from study to study but also that the defi ni-
tions of the type of drinking pattern are not well standardized. Most com-
monly by US standards, moderate drinking means no more than one drink 
(assuming one alcohol unit) for women and no more than two drinks for men 
[ 14 ]. By analogy, heavy drinking is considered more than one drink for 
women and more than two drinks for men. In several references heavy drink-
ing is the consumption of more than 60 g of alcohol in men and more than 40 
g in women, while moderate drinking is 20–60 g per day in men and 10–40 g 
per day in women [ 15 ]. Binge drinking is defi ned as alcohol consumption that 
raises the blood alcohol level above 0.08 % on one occasion (typically during 
weekends) or more than fi ve drinks on one occasion [ 16 ,  17 ]. Light drinking 
has no standard defi nition and presumably is less then moderate drinking. 
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the most likely candidates, and this is supported by growing evidence that their con-
sumption can lower BP and particularly affect endothelial function [ 19 ,  20 ]. A 
recently published study compared polyphenols in grape-wine extract and polyphe-
nols in grape-juice extract. Grape-juice extract had no effect on BP or endothelial 
function, in contrast to the grape-wine extract. The authors hypothesized that this 
was due to the effects of the polyphenol on NO-mediated vasodilatation lasting for 
only 15 min and differences in the polyphenol compound profi le of grape-wine and 
grape-juice extract (catechins and procyanidins vs. anthocyanins and fl avanols) [ 21 ]. 
In contrast to the short-term benefi ts on the endothelium, the impact of alcohol on 
thrombolysis is more durable, lasting up to 6 h after only one drink [ 22 ]. The drink-
ing pattern is highly important when it comes to the benefi ts of alcohol, as are indi-
vidual characteristics [ 23 ,  24 ].  

3.2.3     The Dark Side, “U”, “J” and Other Shapes 

 Since stroke is the second leading cause of death and a major cause of disability, 
many observational epidemiologic studies have examined the role of alcohol intake 
as well as its potential as a protective factor. In the last two decades, data from 
observational studies suggest a J-shaped curve in the association of alcohol and not 
only stroke but every other CVD or outcome. However, sometimes the J looks 
more J when it comes to stroke. One meta-analysis showed a relative risk reduction 
for every type of stroke with 2.5–14.9 g of alcohol consumed. In the same analysis, 
the relative risk reduction for coronary heart disease outcomes were the same for 
all levels of alcohol intake above 2.5 g/day [ 25 ]. An association does not mean a 
causative effect, which can only be shown by large long-term interventional trials, 
which cannot be made for ethical reasons. It is evident that alcohol increases HDL 
cholesterol [ 26 ,  27 ]. Some major prospective studies and meta-analyses have failed 
to fi nd a clear association between HDL cholesterol and the risk of stroke [ 28 ]. The 
apparently benefi cial potential of alcohol to reduce platelet aggregation and lower 
fi brinogen concentrations and other haemostatic factors may seem useful for isch-
emic stroke, but for hemorrhagic stroke, this pattern may well explain the linear 
association between hemorrhagic stroke and alcohol consumption [ 29 ]. When 
combined with reports of poorer hypertension control in heavy drinkers, it may be 
asked whether it is wise to accentuate the protective role of alcohol in CV brain 
damage [ 30 ]. Alcohol-induced hypertension is another clinical entity responsible 
for the linear association between alcohol and hemorrhagic stroke or the sharp 
J-shape with respect to ischemic stroke. The effect was fi rst proposed by Lian et al. 
in 1915 [ 31 ], but the exact threshold for the effect is not clear. While some argue 
that >3 drinks per day will lead to a 50 % increase in the prevalence of hyperten-
sion, most epidemiological studies draw a line at 6 drinks per day, associating 
heavy drinking and hypertension. In addition to constant methodological dispari-
ties, it seems that gender also makes a difference. Howard et al. found an apparent 
J-shaped association between alcohol and hypertension in women, while the asso-
ciation in men was clearly linear, with no benefi ts in relative risk for hypertension 
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in light or moderate drinkers [ 32 ]. However, the relative risk for hypertension did 
not rise in men until 5 drinks per day, while women benefi ted until 4 drinks per day, 
at least in this study. 

 The mechanisms of alcohol-induced hypertension may be divided into acute and 
chronic pathophysiological impairment. In the acute phase, alcohol diminishes baro-
refl exes by interacting with receptors in the brain stem, leading to increased sympa-
thetic activity. Sympathetic activity is activated in heavy drinking through expansion 
of the extracellular fl uid, leading to an increase in plasma renin activity and elevated 
vasopressin levels. Chronic hypertension is most likely due to alcohol- induced eleva-
tion of angiotensin II, endothelin-1, and impaired NO endothelial production [ 33 ]. 

 In conclusion, it is undisputable that heavy alcohol intake increases the risk of 
ischemic and hemorrhagic stroke. However, most, if not all, large observational 
studies and meta-analyses only focus on stroke mortality, even though morbidity is 
much more common for these events. Data from the WHO Monica project suggest 
that changes in stroke mortality are largely attributable to changes in early case 
fatality and better (primarily radiological) diagnostics rather than to changes in 
stroke incidence [ 34 ]. 

 In light of the fact that the alcohol-attributable stroke burden will continue to 
increase globally without effective alcohol control measures, and despite all the 
possible favorable effects of reducing the CV risk in light and moderate alcohol 
consumption, patients should not be encouraged to drink [ 35 ]. 

 The question of how much is too much may have been answered long ago using 
only inner wisdom. In the Greek play  Semele or Dionysus , written by Eubulus 
around 375 BC, the God of wine delivers this speech:  I mix three drinks for the 
temperate: One for health, which they empty fi rst, The second for love and pleasure, 
The third for sleep. When these cups are emptied, the wise go home. The fourth 
drink is ours no longer, but belongs to violence, The fi fth to uproar, The sixth to 
drunken revelry, The seventh to black eyes, The eighth to the police, The ninth to 
anger, And the tenth to madness and the hurling of furniture.  

 According to the guidelines for primary stroke prevention, general measures 
should include advice on limiting alcohol consumption and underscoring the need 
to inform patients that they should limit their alcohol consumption to no more than 
two drinks per day for men and no more than one drink per day for nonpregnant 
women. The recommendations of current guidelines are shown in Box  3.3  [ 2 ]. 

  Box 3.3 Recommendations for alcohol consumption 
     1.    Reduction or elimination of alcohol consumption in heavy drinkers 

through established screening and counseling strategies as described in the 
2004 US Preventive Services Task Force update is recommended  (class I; 
level of evidence A)    

   2.    For individuals who choose to drink alcohol, consumption of ≤2 drinks 
per day for men and ≤1 for nonpregnant women might be recommended 
 (class IIb; level of evidence B)      
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3.3        Smoking and Brain Damage 

 Cigarette smoking is probably the most complex and the least understood risk factor 
in the CV continuum. Cigarette smoke contains more than 4,000 different chemi-
cals, and these are modifi ed differently in the human body [ 36 ]. Modern cigarettes 
are high-tech products, designed to deliver nicotine effi ciently without an unpleas-
ant taste or throat irritation, in order to maximize pleasure in the addicted consumer. 
According to the WHO, smoking is responsible for 10 % of all CVD outcomes, 
which are easily modifi able and preventable [ 37 ]. Unfortunately, the latest pharma-
cological studies suggest that nicotine dependence is associated with opioid-like 
receptors in the CNS, which explains why cigarette addiction is as hard to fi ght as 
heroin addiction [ 38 ]. More than 5.4 million deaths each year worldwide are cur-
rently attributed to smoking, and the striking projection is a rise to about eight mil-
lion per year by 2030, with 80 % of these deaths being in developing countries [ 39 ]. 

3.3.1     Smoke-Endothelium-Stroke 

 Tobacco smoke is an aerosol formed from tar (dry, solid residue of combustion 
containing nicotine and numerous carcinogens) and gases (CO 2 , CO, N 2 , HNC, H 2 S 
etc.), most of which are reactive oxygen species (ROS). Apart from a handful of 
candidates, the relevance of most compounds in cigarette smoke in CVD initiation, 
progression, and outcome has not been individually studied. It is likely that the 
interplay of these compounds with the individual genetic background and the envi-
ronment defi nes the onset, location, and pace of CVD [ 40 ]. The cardinal mechanism 
in cigarette-induced endothelial dysfunction is a lack of nitric oxide (NO) bioavail-
ability, while endothelial dysfunction is considered to be the earliest manifestation 
of atherosclerosis. Smoke-derived ROS trigger the activation of proinfl ammatory 
cytokines and adhesion molecules, the antiadhesive endothelial phenotype is lost, 
and endothelial-platelet and endothelial-leukocyte interaction occur. The acute 
effect of cigarette smoke on the endothelium is only functional, and the central role 
of the endothelium in maintaining haemostatic equilibrium can be restored. 
However, during chronic exposure, the endothelial layer suffers physical damage 
which leads to activation of the subendothelial layer – the fi rst step in thrombus 
formation [ 41 ]. Once the atherosclerotic plaque is formed, cigarette smoke contin-
ues to change its stability and lipid content, leading to plaque instability and rupture. 
In addition to the formation and structure of plaque, acute smoking is associated 
with an increase in heart rate and BP, and this hypercatecholaminaemia is another 
contributor to atherothrombosis in smokers [ 42 ]. Impaired endothelial function, 
infl ammation, plaque formation, and instability are only a small part of the deleteri-
ous biological impact of cigarette smoke. An increased propensity for platelet 
aggregation in smokers, together with a higher platelet count, increased fi brinogen 
levels, and elevated blood viscosity, constitutes the proatherothrombotic state in 
smokers. Clinically, cigarette smoking is associated with increased carotid intima- 
media thickness, arterial stiffness, and carotid plaque density, ultimately leading to 
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an increased risk of ischemic stroke [ 43 ]. In a recent meta-analysis, predominately 
echolucent plaques (prone to rupture) were associated with an increased risk of 
ipsilateral stroke regardless of the severity of stenosis [ 44 ]. Are our guidelines 
imprecise when assessing carotid stenosis only by the degree of lumen stenosis?  

3.3.2     Smoking and Hypertension 

 Although smoking may not be associated with the development of essential hyper-
tension, its impact on the prognosis of hypertensive patients with respect to CV 
outcomes has been extensively documented by many large epidemiological and 
prospective trials. Smoking decreases arterial compliance in both the large- and 
medium-sized arteries, leading to increased arterial and aortic stiffness, and while 
acute smoking has a powerful sympathetic excitatory effect, it is likely that chronic 
changes in the endothelium lead to constant BP elevation [ 45 ]. Even though various 
observational studies have reported a lower prevalence of hypertension among cur-
rent smokers or an increased incidence of hypertension in prospective studies among 
ex-smokers compared to smokers, this may be attributed to signifi cant weight gain 
in ex-smokers and to the fact that smokers are often younger and slimmer. Maybe, 
at present, it is most accurate to say that cigarette smoking exacerbates the effect of 
BP on the risk of CVD [ 46 ]. Finally, hypertensive smokers are more likely to 
develop malignant and renovascular forms of hypertension.  

3.3.3     Smoking and the Brain 

 The blood-brain barrier (BBB), which is mainly composed of microvascular endo-
thelial cells, is a major link between cigarette smoke and the brain. The BBB is 
rapidly exposed to harmful toxins and ROS (skipping fi rst-pass metabolism) which 
trigger a strong proinfl ammatory response and is a start for silent cerebral infarction 
leading to vascular dementia, stroke, and brain vessel aneurysms. There is also a 
strong correlation between smoking and neurodegenerative disorders and neurode-
velopmental damage during pregnancy [ 47 ]. Recent observations suggest that ROS 
are key mediators of BBB breakdown, and antioxidant supplementation has proven 
to be effective but only in vitro conditions [ 48 ]. Nevertheless, the recommended 
daily intake of vitamin C in smokers is more than twofold greater than in 
nonsmokers.  

3.3.4     Smoking and Stroke 

 Smokers have an approximately twofold risk of incurring a stroke during their 
lifetime compared with nonsmokers [ 49 ]. Cigarette smoking has been associated 
with CVD since the fi rst US surgeon general’s report in 1964. During the last 50 
years, CV mortality rates have been decreasing, along with rates of cigarette 
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consumption, at least in developed countries. Nevertheless, over the last quarter of 
a century, efforts on smoking prevention and cessation, and public awareness 
campaigns describing the associated health risks of smoking, have had only lim-
ited success. Due to the current rates of world population growth, even with a 
small percentage decline in tobacco consumption over time, absolute consump-
tion continues to grow and will continue to do so. In short, over 1 billion more 
cigarettes were consumed worldwide in 2000 compared with 1980 [ 50 ]. The 
importance of smoking as a major risk factor will continue for decades due to the 
high prevalence of smoking in developing countries. Estimates from the 
INTERSTROKE study indicate that around 19 % of the burden of stroke is due to 
current smoking [ 51 ]. Numbers better put this into perspective: compared with 
nonsmokers, current smokers have at least a two- to fourfold (depending on the 
study) increased risk of stroke compared with lifelong nonsmokers or individuals 
who had quit smoking more than 10 years before. There is clear evidence of a 
dose-response relationship between smoking and stroke risk, but unfortunately, 
this connection is not often publicized and yet may provide helpful information 
when stimulating patients to at least cut the number of cigarettes smoked. One 
older meta-analysis showed that individuals who consumed <10 cigarettes/day 
had a relative risk of stroke of 1.37 compared with smokers consuming ≥20 ciga-
rettes/day, who had a relative risk of 1.82 [ 52 ]. Irrespective of controlling for 
other lifestyle factors, subjects who reported current smoking at the time of 
recruitment had an approximatively twofold risk increase in the risk of stroke 
compared with never smokers, among both men and women [ 3 ]. In a more recent 
study, smoking was shown to be even more hazardous for women, and more for 
hemorrhagic stroke, and also to have a strong dose-response relationship [ 53 ]. 
This may be related to the stable smoking prevalence among women in recent 
decades, along with increased prevalence of women smokers in developing coun-
tries, leading the Million Women Study to coin the phrase: ‘if women smoke like 
men, they die like men’ [ 54 ]. 

 Smoking is very addictive and it is hard to stimulate people to quit. Shock tactics 
may be tried, as may positive reinforcement (Box  3.4 ). 

  Box 3.4 A few facts which may positively stimulate smokers to quit 
•     Within 20 min blood pressure drops to the level it was before the last 

cigarette  
•   Within 8 h carbon monoxide levels in the blood return to normal  
•   Within 24 h the chance of a heart attack decreases  
•   Within 1–2 months, the smoking-related stroke risk due to hypercoagula-

bility normalizes to that of nonsmokers  
•   At 1 year the risk of heart disease is cut in half  
•   At 5 years the stroke risk is reduced to that of a nonsmoker in most cases  
•   By 15 years the risk of heart disease is that of a nonsmoker    
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  Cigarette smoking potentiates the effect of other stroke risk factors such as sys-
tolic BP and oral contraceptives (OC). The odds ratios of cerebral infarction were 
1.3 times greater for women who smoked but did not use OC, and 2.1 times greater 
for nonsmokers who used OC, but 7.2 times greater for smokers who used OC. The 
synergistic effect of smoking and OC use was also observed in hemorrhagic stroke. 
The effect of smoking on ischemic stroke is higher in young adults who are carriers 
of the apolipoprotein E e4 allele [ 2 ]. 

 Recent guidelines for the primary prevention of stroke, which is also valid for 
secondary prevention, identify smoking cessation as a general measure, as well as 
avoiding environmental tobacco smoke [ 2 ]. They also strongly encourage patients 
and families to stop smoking and support organizing and providing counseling, 
nicotine replacement, and other available programs (Box  3.5 ). 

3.4        Salt Intake 

 High salt intake is associated with a higher risk of ischemic and hemorrhagic stroke 
and intracerebral hemorrhages [ 6 ,  55 ,  56 ]. In most societies and cultures worldwide, 
salt (NaCl) consumption is several times above physiological needs and in most 
countries almost twice as high as currently recommended, making it one of the most 
important risk factor for the high prevalence of hypertension but also a signifi cant 
cause of resistance to therapy. In addition, salt directly affects the endothelial, myo-
cardial, and renal cells, increasing the global risk additionally and independently of 
BP. There is evidence of the deleterious effects of high salt intake on the left ventricu-
lar mass, arterial stiffness, and renal function. Perry et al. observed a signifi cant cor-
relation between salt intake and stroke mortality in European countries, and the 
correlation was stronger than the relationship between systolic BP and stroke mortal-
ity [ 57 ]. Similar fi ndings were observed in Japan, where stroke mortality was more 

  Box 3.5 Recommendations for smoking cessation [ 2 ] 
     1.    Abstention from cigarette smoking by nonsmokers and smoking cessation 

by current smokers are recommended based on epidemiological studies 
showing a consistent relationship between smoking and both ischemic 
stroke and SAH  class I, level of Evidence B)    

   2.    Although data are lacking to show that avoidance of environmental tobacco 
smoke reduces incident stroke on the basis of data showing an increased 
stroke risk, and the effect of avoidance on the risk of other cardiovascular 
events avoidance of exposure to environmental tobacco smoke is reason-
able ( class IIa level of evidence C)    

   3.    The use of multimodal techniques including counseling nicotine replace-
ment and oral smoking-cessation medications can be useful as part of an 
overall smoking-cessation strategy. The status of tobacco use should be 
addressed at every patient encounter ( class I level of evidence B)      



30

closely associated with salt intake than with systolic BP [ 58 ]. However, the vast 
majority of data supported the hypothesis that the strongest effect of salt on stroke 
risk was mediated through the direct effect on BP. Residual causality could not be 
completely rejected, while subjects who reduced salt intake were usually prone to 
accept all other recommendations on healthy lifestyles. A reduction in dietary salt 
intake of a teaspoon (equal to 5–6 g salt) has been shown to reduce BP by 7/4 mmHg 
in hypertensive patients and by 23/9 mmHg in patients with resistant hypertension 
[ 7 ,  59 ]. The Dietary Approaches to Stop Hypertension (DASH) study found that 
older adults and Blacks, who have a high risk of stroke, are particularly sensitive to 
the BP-lowering effects of salt reduction [ 60 ]. In a meta-analysis of long-term trials 
which analyzed the effects of salt reduction, assignment to a reduced salt interven-
tion group signifi cantly lowered the risk of CVD by 20 % compared with assignment 
to a control group [ 61 ]. He et al. reported that, in the United Kingdom from 2003 to 
2011, there was a decrease in stroke mortality of 42 %, in parallel with a fall in BP of 
3/1.4 mmHg and decreased salt intake of 1.4 g/day measured by 24 h urinary sodium 
[ 62 ]. The UK fi ndings are in agreement with observations from Japan and Finland 
[ 63 ,  64 ]. Even a small reduction in the population’s average salt intake could result 
in a major improvement in CV health. Strazzulo et al. found that the pooled relative 
risk indicates a 23 % greater risk of stroke for an average difference in sodium intake 
of 86 mmol (equivalent to about 5 g of salt a day) and concluded that each year a 5 g 
reduction in daily salt intake at the population level could avert 1.25 million deaths 
from stroke [ 6 ]. Aburto et al. analyzed the long-term effects in healthy, free-living, 
prehypertensive individuals who were not taking antihypertensive drugs in whom 
salt intake was estimated on the basis of multiple 24-h urine specimens and found a 
linear 17 % increase in risk per 1 g increase in sodium [ 55 ]. These results confi rmed 
the need for a reduction of salt intake in the general population. There is growing 
evidence that, in non-acutely ill adults, reduced salt intake has no adverse effect on 
blood lipids, catecholamine levels, or renal function [ 65 ]. 

 Higher potassium intake is associated with a reduction in the stroke risk of 21 %, 
and every increase in potassium intake of 1 g per day resulted in a reduction in the 
stroke risk of 11 %, so it seems that this recommendation should be given simultane-
ously with the one for cutting down salt consumption [ 66 ,  67 ]. 

 In addition to the huge impact on the health of the whole population, a cost- 
effective analysis by the National Institute for Health and Clinical Excellence 
(NICE) showed that the reduction in salt intake achieved in the United Kingdom has 
saved more than £1.5 billion/annum [ 68 ]. 

 As reduced salt intake decreases BP, it is likely that consumption of a diet with 
reduced salt content (and increased potassium) will reduce the stroke risk. Although 
no J-curve has been observed for salt intake and stroke risk, it is prudent to recom-
mend 5 g/day as a target for both primary and secondary stroke prevention. While 
most salt ingested comes from prepared food, this goal could not be achieved with-
out collaboration from the food industry and government support as has been done 
in the United Kingdom, Japan, Finland, and Portugal and has recently been started 
in Croatia. Nevertheless, permanent education and increasing awareness about the 
hidden risk of high salt consumption are of the utmost importance, and should be a 
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priority task for the whole medical and scientifi c community, and must be included 
in everyday clinical practice. The recommendations of recent guidelines on diet and 
nutrition are shown in Box  3.6 . 

3.5       Summary and Conclusion 

 Most data confi rm that smoking, heavy alcohol drinking, and increased salt con-
sumption are strong but modifi able risk factors for stroke. Decreasing each of those 
lifestyle factors will decrease the stroke risk. However, in everyday practice it is 
very hard to accomplish this task due to low awareness, biochemical addiction to 
smoking, and the real risk that recommendations to drink moderately will not 
remain moderate and because reductions in salt intake cannot be achieved without 
the support of industry and government. Disability in stroke survivors is an addi-
tional limitation. Nevertheless, education, counseling, and all efforts should be 
made to change bad lifestyle habits, and recommendations must be implemented in 
clinical practice while always trying to change global, personal, and family attitudes 
to lifestyle and not focus only on separate measures.     
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4.1           Introduction 

 In hypertensives, various comorbidities are often associated with brain damage. 
According to the Framingham Study [ 1 ,  2 ], the presence of different risk factors and 
diseases such as diabetes mellitus (DM), chronic kidney disease (CKD) and coro-
nary artery disease (CAD) can increase the incidence of brain damage. Moreover, 
obstructive sleep apnoea (OSA) is also associated with an increased risk of stroke 
[ 3 ] and other cardiovascular diseases. This chapter will assess the associations 
between these diseases and conditions and brain damage and the stroke-related 
burden.  

4.2     Diabetes 

 Epidemiological, clinical, biochemical and imaging studies have shown that ele-
vated glucose levels and diabetes are associated with cognitive dysfunction, the 
most prevalent cause of which is Alzheimer’s disease (AD). Common pathogenic 
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factors in these conditions include chronic hyperglycaemia, hyperinsulinaemia, 
insulin resistance, acute hypoglycaemic episodes, microvascular disease, fi brillar 
deposits, altered insulin processing, infl ammation, obesity, dyslipidaemia and sed-
entary habits. Healthier lifestyle measures have a protective effect against the devel-
opment of cognitive impairment due to Alzheimer’s disease, as do some of the 
pharmacological agents used in the treatment of diabetes such as insulin (especially 
when delivered intranasally), metformin, peroxisome proliferator-activated receptor 
γ agonists, glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 
inhibitors. 

  Hyperglycaemia     This is a recognized risk factor for cognitive impairment as 
shown by the ACCORD-MIND study and others [ 4 ,  5 ]. Hyperglycaemia leads to 
neural damage following advanced glycosylated end products and oxidative stress, 
osmotic stress damaging the blood–brain barrier and the resultant leak of toxic 
substances leading to further damage of nervous structures [ 6 ]. Apart from chronic 
hyperglycaemia, as assessed by glycated haemoglobin, glucose variability, as mea-
sured by continuous glucose monitoring, better correlates with cognitive function 
[ 7 ]. Postprandial glucose levels may also be a contributing factor, acting via oxida-
tive stress.  

  Hypoglycaemia     Although severe hypoglycaemia has been shown to be associated 
with dementia in the elderly [ 6 ], when hypoglycaemia is avoided by careful treat-
ment in younger type 1 diabetics, as in the DCCT/EDIC study, no association was 
found between hypoglycaemia and cognitive dysfunction [ 8 ]. However, in the 
elderly, hypoglycaemia, when coupled with atherosclerosis, leads to organic brain 
damage, which is often irreversible [ 6 ].  

  Role of Insulin in the Brain     Cognition may be affected not only by alterations in the 
level of glucose but also through the action of insulin. Insulin enters the central 
nervous system (CNS) by crossing the blood–brain barrier in a regulated and satu-
rable fashion [ 9 ]. A large number of insulin receptors exist in brain areas related to 
memory, such as the hippocampus and cerebral cortex. In addition, insulin also aids 
the release of β-amyloid peptide extracellularly and increases the expression of the 
enzyme which degrades insulin. Insulin defi ciency results in the accumulation of 
β-amyloid peptide. Both hyperinsulinaemia and hyperglycaemia were shown to 
increase neuritic plaque formation [ 10 ]. Disruption of insulin signalling makes neu-
rons more vulnerable to metabolic stress, thus accelerating neuronal dysfunction. 
Defective insulin signalling is associated with decreased cognitive ability and the 
development of dementia, including AD.  

  Insulin Resistance and Alzheimer’s Disease     In humans, insulin improves cogni-
tion, independently of its effects on peripheral glucose. Acute increases in insulin 
after treatment improve cognition, but chronic hyperinsulinaemia can adversely 
affect neuronal function in vitro by increasing susceptibility to toxin and stress- 
induced effects [ 11 ]. Glycated proteins and infl ammatory mediators could also have 
a pathogenic role [ 10 ].  
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  Microvascular Disease and Cognitive Decline     Hyperglycaemia in DM leads to micro-
vascular complications that affect many organs. Studies have shown that retinopathy 
and nephropathy are associated with impaired cognition [ 12 ]. The retina shares many 
features with the brain, both developmental, anatomical (e.g. microvascular bed) and 
physiological (e.g. blood–tissue barrier), and therefore changes in the retina reveal 
cerebral pathological processes. AD is known to involve the retina (macula and 
optic disc), and retinal microvascular changes may be related to cognitive dysfunc-
tion and AD.  

 In conclusion, diabetes must be recognized as a risk for the development of AD; 
clinicians must ensure preventive care is given to control and delay both conditions, 
and cognitive impairment should be identifi ed early to enable appropriate 
management.  

4.3     Coronary Artery Disease 

 Coronary artery disease (CAD) is usually attributed to atherothrombotic disease. 
Several risk factors promote and intensify atherosclerosis, leading to CAD. However, 
vessels with atherosclerotic lesions are not confi ned only to the coronary network. 
The same phenomenon also occurs in the entire circulatory network, and therefore, 
patients with CAD usually present other vessels with atherosclerosis. Thus, it is not 
surprising that CAD and peripheral artery disease (PAD) often coexist. It is  estimated 
that CAD coexists with PAD, in 42 % of PAD patients aged >50 years [ 13 ]. 
Moreover, 25–70 % of patients with carotid artery disease suffer from CAD [ 14 ,   15 ]. 
Thus, patients with CAD are considered at high risk for cardiovascular (CV) events 
such as stroke. CAD and stroke share a common denominator − atherosclerosis. 
Moreover, the same risk factors that contribute to the development of CAD (hyper-
tension, diabetes, dyslipidaemia and smoking) are shared with stroke, leading once 
again to the development of atherothrombotic disease. Thus, patients with stroke are 
at high risk for the symptoms and complications of CAD and vice versa. Several 
studies have assessed the association between ischemic stroke (IS) and CAD. A 
prospective study that aimed to determine whether IS was an independent predictor 
of CAD using cardiac computed tomographic angiography found that patients with 
acute IS had a near fi vefold greater probability of having coronary artery plaques 
(odds ratio [OR] 4.9,  P  < 0.01) compared to those without IS [ 16 ]. Likewise, a pro-
spective study of 1,304 patients with acute IS investigated the frequency of CAD 
and the association between coronary and cerebral artery atherosclerosis using mul-
tislice CT coronary angiography and cerebral angiography [ 17 ]. In this study, 
70.1 % of patients with IS also had CAD. The presence of different risk factors such 
as diabetes, dyslipidaemia and peripheral artery disease markedly increased the risk 
of CAD, and patients with ≥2 risk factors had an increased risk of CAD [odds ratio 
(OR) 8.36; 95 % confi dence interval (CI) 4.15–16.87]. 

 Atherosclerosis is responsible not only for CAD and IS but also for dementia. 
Several studies have shown a strong association between CAD and dementia and cog-
nitive impairment, thereby classifying CAD as an independent risk factor for both 
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conditions. In the Cardiovascular Health Study [ 18 ] and the AGES-Reykjavik Study 
[ 19 ], patients with CAD had a higher percentage of dementia and lower scores on 
cognitive function tests, respectively. In addition, patients with CAD present reduced 
hippocampal volume [ 20 ] and increased senile plaque formation in the brain cortex 
[ 21 ], while the platelet hyperactivity observed in CAD is also related to dementia [ 22 ]. 

 Although CAD and stroke share risk factors, interventions in CAD patients can 
also increase the incidence of stroke. Several studies have shown that coronary 
artery disease bypass grafting (CABG) can increase the incidence of postoperative 
stroke. The incidence of cerebrovascular events (CVA) after CABG is approxi-
mately 1–2 % [ 23 ,  24 ]. This risk, however, increases markedly with age and the 
presence of other factors such as pre-existing cerebrovascular disease, severe ath-
erosclerosis of the ascending aorta, protracted cardiopulmonary bypass time and 
severe perioperative hypotension. The presence of classical risk factors for stroke 
such as hypertension and diabetes, as well as prior stroke and prior transient isch-
emic attack, can increase markedly the incidence of postoperative stroke. In patients 
aged ≥70 years, his risk may increase by up to 4.5 % [ 23 ]. 

 CAD increases the incidence of arrhythmias such as atrial fi brillation (AF), 
increasing the incidence of stroke. There is an increased risk of AF in patients with 
myocardial infarction or ST segment abnormalities due to CAD (relative risk [RR] 
3.62), angina (RR 2.84) and ST-T wave abnormalities (RR 2.21) [ 25 ]. More than 
20 % of patients with AF suffer from CAD. AF increases the risk of stroke by up to 
fi vefold, while 20 % of all strokes are attributed to AF [ 26 ]. IS related to AF are 
often fatal, while those who survive have poorer functional performance [ 27 ]. 
Additionally, AF is responsible for silent cerebral infarctions leading to dementia 
[ 28 ]. The incidence of dementia is doubled in patients with AF and is more fre-
quently encountered in AF patients aged <75 years [ 29 ]. 

 CAD and stroke share similar risk factors and therefore often coexist. The inci-
dence of brain damage in patients with CAD is attributed not only to the athero-
thrombotic disease responsible for both diseases but also to CAD procedures such 
as CABG and to arrhythmias such as AF that increase markedly the incidence of 
stroke and brain damage in general.  

4.4     Chronic Kidney Disease 

 The overall prevalence of chronic kidney disease (CKD) (glomerular fi ltration 
rate – GFR <60 mL/min per 1.73 m 2 ) has increased signifi cantly in recent years 
from 10 % in 1999 to more than 14 % currently and is even higher in older adults. 
Patients with CKD have a signifi cant increase in cardiovascular risk, and the risk of 
death, particularly due to cardiovascular disease, is much higher than the risk of 
eventually requiring dialysis [ 30 ]. 

 Functional/metabolic, structural and neuropsychiatric disorders are important 
complications of CKD, especially in patients with end-stage renal disease (ESRD). 
Uremic encephalopathy is a constellation of symptoms ranging from irritability and 
restlessness to seizures, coma and death and normally subsides within days after the 
initiation of adequate dialysis. It was more frequent and more severe in the past, 
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when patients suffered from severe, untreated uraemia for prolonged periods [ 30 ]. 
Rapid correction by haemodialysis may cause the so-called dialysis disequilibrium 
syndrome, a condition observed during or immediately after the dialysis session and 
characterized by headache, nausea, disorientation, restlessness, blurred vision and 
asterixis, probably due to cerebral oedema. At present, both uremic encephalopathy 
and dialysis disequilibrium syndrome are much less common because of the ten-
dency to initiate dialysis at an earlier stage [ 31 ]. 

 Factors which, alone or in combination, may result in severe CNS dysfunction in 
patients with CKD include uraemia; multiple electrolyte disorders, such as hyper-
calcaemia, hypocalcaemia, hyponatraemia and hypernatraemia; hypoglycaemia, 
hyperglycaemia, haemodynamic instability, whether hypotension or hypertension; 
drugs, such as erythropoietin, carbapenem and alcohol; air embolism; etc. Dialysis 
dementia due to aluminium intoxication is a rare cause of encephalopathy, because 
aluminium has been eliminated from dialysate by using reverse osmosis and deion-
ization techniques and aluminium-containing phosphate binders have been replaced 
by newer preparations [ 32 ]. 

 Patients with CKD are at an increased risk of cerebrovascular disease due to 
accelerated atherosclerosis, older age and a high incidence of hypertension, diabe-
tes, malnutrition and hyperlipidaemia. Manifestations may include hypertensive 
encephalopathy, transient ischemic attacks, cerebral infarcts, intracerebral haemor-
rhage and subdural haematoma. All these conditions may be associated with sei-
zure. Even patients with mild-to-moderate reductions in GFR suffer from a markedly 
higher stroke rate. This effect is much more pronounced in haemodialysis patients, 
especially when there is AF [ 33 ,  34 ]. 

 Depression is the most common psychiatric disorder in younger patients with 
CKD and can usually be successfully treated with medication, with or without 
counselling [ 35 ,  36 ]. 

 It is unclear to what degree cognitive impairment is related to the dialysis process 
itself rather than to the metabolic and uremic processes seen in CKD, the CV dis-
ease that is common in patients with CKD, or neurodegenerative disease. 
Leukoaraiosis, high signal intensity in the periventricular white matter on brain 
magnetic resonance imaging which is associated with vascular dementia, has been 
found to be more prevalent in dialysis and predialysis patients compared with con-
trols in some studies [ 37 ,  38 ]. 

 Uraemia may impact cognitive function in both children and adults. Neurologic 
fi ndings in children range from seizures and severe intellectual disability (mental 
retardation) to subtle defi cits resulting in poor school performance. Cognitive dis-
turbance in older children may present with abnormal performance on tasks of 
verbal abstract ability, visual perceptual reasoning, memory and visual motor skills 
[ 39 ]. In adults, a decline in cognitive function likely begins with early kidney dis-
ease before progression to ESRD. In this regard, for each 10 mL/min per 1.73 m 2  
decrease in GFR below 60 mL/min per 1.73 m 2 , an 11 % increase in the prevalence 
of cognitive impairment has been shown [ 40 ]. A higher incidence of dementia 
among dialysis patients is likely due to the high number of older patients who start 
dialysis and have a high risk for dementia due to vascular disease. In fact, demen-
tia, delirium and other organic disorders are the most common mental causes of 
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hospitalization in elderly CKD patients [ 35 ]. The incidence of dementia may be 
greater in patients who are maintained on haemodialysis rather than on peritoneal 
dialysis [ 41 ] (Table  4.1 ).

4.5        Obstructive Sleep Apnoea 

 Obstructive sleep apnoea, also known as obstructive sleep apnoea syndrome 
(OSAS), is a chronic sleep state-dependent breathing disorder that is characterized 
by airway obstruction for >10 s during sleep. Excessive daytime sleepiness and an 
apnoea–hypopnea index (AHI) of ≥5 events per hour during polysomnography are 
the diagnostic criteria of OSAS [ 42 ]. The prevalence in the adult general population 
is estimated at 5–14 %. About 50 % of OSAS patients are hypertensive, and an esti-
mated 30 % of hypertensive patients also have OSAS. 

 Episodes of hypoxia stimulate carotid chemoreceptors resulting in sympathetic 
activation and elevation of blood pressure [ 43 ,  44 ]. Over time, this originally peri-
odic sympathetic activation, together with blood pressure elevation, may persist 
during the day. Nevertheless, sympathetic activation is not the only cause of the 
long-term consequences of OSAS. Among many others, alterations in nitric oxide, 
endothelin, oxidative stress, interleukins, leptin and insulin account for the glucose 
intolerance, systemic infl ammation, endothelial dysfunction and abnormalities in 
coagulation markers observed [ 45 ,  46 ]. OSAS is related to the pathogenesis of 
hypertension, stroke and AF and other conditions that increase CV morbidity and 
mortality [ 47 – 49 ] and is therefore a signifi cant risk factor for CV disease and may 
accelerate the progress of underlying CV disease to heart failure, stroke or death. 

 The high prevalence of OSAS in the general population, hypertensive patients 
and especially obese individuals and patients resistant to antihypertensive therapy, 

  Table 4.1    Chronic kidney disease and the brain    Functional/metabolic disorders  
 Uremic encephalopathy 
 Dialysis disequilibrium syndrome 
 Dialysis dementia/aluminium 
intoxication 
 Haemodynamic instability, 
electrolyte disorders, drugs 
  Structural disorders  
 Leukoaraiosis, lacunae 
 Cerebral infarct 
 Intracerebral haemorrhage 
 Subdural haematoma 
  Neuropsychiatric disorders  
 Acute delirium 
 Seizure activity 
 Cognitive impairment 
 Dementia 
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highlights the need for effective screening, diagnosis and treatment of OSAS to 
decrease the CV risk [ 50 ]. 

 The OSAS may affect the brain through several pathophysiological mechanisms: 
as described above, sympathetic activation and oxidative stress may explain the 
development of hypertension in patients with OSAS. The OSAS is more common 
in patients with resistant hypertension [ 51 ], and hypertension, and even more if it is 
resistant, is a risk factor for both ischemic and haemorrhagic stroke [ 52 ]. On the 
other hand, cerebrovascular abnormalities caused by hypoxia predispose patients 
with OSAS to stroke. For example, fl uctuations in carbon dioxide levels can alter 
CNS arterial blood fl ow [ 53 ]. Microvascular alterations and carotid intima-media 
thickness have been linked to the OSAS burden, independently of blood pressure 
levels [ 54 ,  55 ]. AF is a well-recognized consequence of OSAS and a major risk fac-
tor for stroke [ 56 ]. In the Sleep Heart Health Study, individuals with OSAS had a 
fourfold increase in the adjusted risk for AF [ 57 ]. OSAS in patients with AF is an 
independent predictor of stroke [ 58 ]. 

4.5.1     OSAS as a Cause of Stroke 

 Studies evaluating the prevalence of OSAS in patients with stroke are character-
ized by inherent limitations, as they study only stroke survivors. On the other hand, 
since injury to the respiratory and other centres may precipitate OSAS, post-stroke 
sleep apnoea characteristics cannot be assumed to have been present before stroke. 
Sleep breathing characteristics also may change signifi cantly in the post-stroke 
period [ 42 ]. 

 In the Sleep Heart Health Study [ 3 ], 5,422 participants without a history of 
stroke at the baseline examination and untreated for sleep apnoea were followed 
for a median of 8.7 years, with 193 ischemic strokes being observed. A signifi -
cant association between ischemic stroke and the AHI was observed in men. 
Men in the highest AHI quartile (>19) had an adjusted hazard ratio of 2.86 for 
stroke (95 % confi dence interval, 1.1–7.4). In women, stroke was not signifi -
cantly associated with AHI quartiles, but an increased risk was observed with an 
AHI >25. 

 In another study in 697 patients, OSAS was associated with stroke or any-cause 
death (hazard ratio, 2.24; 95 % CI, 1.30–3.86;  P  = 0.004). After adjustment for age, 
sex, race, smoking status, alcohol consumption, body-mass index and the presence 
or absence of DM, hyperlipidaemia, AF and hypertension, a signifi cant association 
between OSAS and stroke or death was retained (hazard ratio, 1.97; 95 % confi -
dence interval, 1.12–3.48;  P  = 0.01) [ 3 ]. 

 The OSAS increases stroke severity leading to increased mortality and post- 
stroke mortality and morbidity and predicts the recurrence of ischemic strokes. In 
spite of the lack of RCTs and confl icting results between studies, data from well-
designed cohort studies suggest that continuous positive airway pressure (CPAP) 
may reduce the risk of stroke in patients with OSAS [ 3 ,  59 ].  
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4.5.2     OSAS as a Cause of Neurocognitive and Behavioural 
Deficits and Its Role in Parkinson’s Disease 

 Cognitive impairment in OSAS includes daytime sleepiness and other cognitive and 
behavioural defi cits such as depression, impaired memory, mood disorders and cog-
nition defi ciencies [ 60 ]. Cognition defi ciencies in OSAS patients have typically 
been found in attention and vigilance, memory and learning, executive functions 
and simulated driving [ 61 ,  62 ]. An earlier onset of cognitive impairment was noted 
in elderly subjects with OSAS compared with those who did not [ 63 ]. 

 The prevalence of OSAS in Parkinson’s disease (PD) has varied between studies, 
and the potential consequences and the interrelationship between the two disorders 
have not been well studied. It seems that OSAS is associated with increased non- 
motor symptoms in PD, particularly cognitive dysfunction. Nevertheless, a role of 
PD in the pathogenesis of OSAS is plausible [ 64 ]. 

 The OSAS induces neurodegenerative changes resulting from two of its main 
and integral processes: intermittent hypoxia and sleep fragmentation. OSAS and 
intermittent hypoxia may cause structural neuron damage in the CNS and impair 
white matter integrity in vulnerable regions [ 65 ]. Vascular injuries and disturbances 
in blood fl ow may participate, and microglial apoptotic oxidative and infl ammatory 
mechanisms due to intermittent hypoxia are involved. Amyloid β deposition and tau 
phosphorylation are enhanced [ 66 ]. 

 The OSAS, therefore, is a modifi able risk factor for cognitive dysfunction, and 
treating OSAS prior to mild cognitive impairment may be an effective prevention 
strategy to reduce the risk of cognitive decline and AD in the middle aged and the 
elderly.      
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5.1           Microvascular Structure in Hypertension 

 Resistance arteries (internal diameter <350 μm) and capillaries (internal diameter 
<7 μm) are key elements in the control of blood pressure (BP) [ 1 ]. Thus, structural 
changes in the microcirculation may directly and strongly affect BP values. In fact, 
it is now widely accepted that structural microvessel abnormalities are common 
alterations associated with chronic hypertension [ 1 ,  2 ]. A thickened arterial wall 
together with a reduced lumen (a process known as remodelling) may play an 
important role in the increase in vascular resistance and may also be an adaptive 
response to the increased haemodynamic load. 

 In the past few years, evidence has suggested that hypertensive injury of the 
small arteries may also participate in the pathophysiology of the complications of 
hypertension [ 3 ]. 

 In humans, direct investigation of changes in the small resistance arteries 
obtained from subcutaneous and omental fat tissue of essential hypertensive 
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patients has been made possible by using wire or pressure micromyographic meth-
ods [ 2 ,  4 ,  5 ]. 

 The majority of the available data indicates that, in patients with essential hyper-
tension, the resistance arteries show a greater media thickness, a reduced lumen and 
external diameter with an increased media-to-lumen ratio, without signifi cant 
changes in the total amount of wall tissue, as indicated by an unchanged media 
cross-sectional area. Therefore, most structural changes observed in these patients 
are the consequence of inward eutrophic remodelling (rearrangement of the same 
amount of wall material around a smaller vessel lumen) [ 6 ], without net cell growth. 
In contrast, in patients with some forms of more severe hypertension or secondary 
hypertension (such as renovascular hypertension and primary aldosteronism) [ 7 ] 
and in diabetic patients [ 8 ], hypertrophic remodelling may be detected, with a more 
evident contribution by cell growth, including vascular smooth muscle cell hyper-
trophy (increase in volume) or hyperplasia (increase in cell numbers) [ 9 ]. However, 
the molecular events involved in the development of remodelling in systemic hyper-
tension are still poorly understood, particularly the mechanisms leading to eutro-
phic remodelling, although changes in the extracellular matrix/integrins might be 
involved. 

5.1.1     Small Resistance Artery Structure and Cardio- 
Cerebrovascular Risk 

 An important consequence of the presence of structural alterations in small resis-
tance arteries and arterioles is impairment of the organ’s vasodilator reserve [ 10 ]. 
The presence of structural alterations in the microcirculation may represent an 
important link between hypertension and ischemic heart disease, cerebral damage 
and renal failure. In fact, a relationship between structural alterations in the subcu-
taneous small resistance arteries and the occurrence of cardiovascular events has 
been demonstrated in a population of hypertensive and diabetic patients at relatively 
high cardiovascular risk during a follow-up of 5.6 years [ 11 ]. Structural alterations 
in the microcirculation may be considered an important link between hypertension 
and ischemic heart disease, heart failure, cerebral ischemic attacks and renal failure. 
Studies have shown that structural alterations in the microcirculation (as indicated 
by greater media-to-lumen ratios in subcutaneous small resistance arteries) are 
probably the most powerful predictor of cardiovascular events in a high-risk popula-
tion of hypertensive patients [ 11 ]. In a multivariate Cox regression analysis, micro-
vascular structure and pulse pressure were the only predictors of cardiovascular 
events, even when all traditional risk factors were included in the model [ 11 ]. 

 The prognostic role of small resistance artery structure has recently been 
confi rmed in cohorts of hypertensive patients with a medium cardiovascular risk 
[ 12 ,  13 ]. 

 In addition, the characteristics of vascular remodelling seem to matter. For the 
same internal diameter values, subjects who suffered cardiovascular events had a 
greater media cross-sectional area, in comparison with those without cardiovascular 
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events [ 3 ]. Therefore, it seems that, for the same size of vessel, more-consistent cell 
growth (hypertrophic remodelling) means an even-worse prognosis. Therefore, 
smooth muscle cell growth seems to be a less effi cient compensatory mechanism for 
increased BP values compared with eutrophic remodelling [ 3 ], with consequences 
in terms of cardiovascular events. 

 It has also recently been suggested that alterations in the microcirculation may be 
involved in the abrupt rise in BP during the early morning, which is, in turn, associ-
ated with an increased incidence of cardiovascular events [ 14 ]. 

 More recently, Buus et al. [ 15 ] demonstrated a prognostic role of changes in the 
microvascular structure, as evaluated by the media-to-lumen ratio of the subcutane-
ous small resistance arteries during antihypertensive treatment. This demonstration 
of the prognostic role of changes in microvascular structure during treatment, inde-
pendently of the extent of BP reduction, could substantially support the idea of 
considering the microvascular structure as an intermediate endpoint in the evalua-
tion of the benefi ts of antihypertensive treatment [ 16 ].  

5.1.2     Effect of Treatment on Small Artery Structure 

 Some intervention studies with specifi c drugs have demonstrated an improvement 
or even an almost-complete normalisation of the structure of subcutaneous small 
resistance arteries with angiotensin-converting enzyme (ACE) inhibitors (cilazapril, 
perindopril, lisinopril), calcium channel blockers (nifedipine, amlodipine, isradipine) 
and angiotensin II receptor blockers (losartan, irbesartan, candesartan, olmesartan and 
valsartan) [ 2 ,  17 ,  18 ]. In contrast, the β-blocker atenolol and the diuretic hydrochloro-
thiazide had no effects on resistance vessels, despite a BP reduction similar to that 
observed with ACE inhibitors [ 2 ,  17 ,  18 ]. More than 300 patients were investigated 
in these intervention studies, using a reliable and precise micromyographic approach 
[ 4 ,  7 ,  18 ]. ACE inhibitors proved to be signifi cantly more effective than the β-blocker 
atenolol in terms of changes in the media-to-lumen ratio [ 18 ]. The same result was 
obtained when comparing dihydropyridine calcium channel blockers and atenolol 
or angiotensin receptor blockers and atenolol [ 18 ]. 

 Various reasons may be suggested to explain the differing effects of different 
drug classes on the small artery structure. ACE inhibitors and angiotensin receptor 
blockers might possess growth-inhibiting and antioxidant properties that could be 
responsible for their benefi cial effect on the microcirculation [ 2 ]. Additional rea-
sons are the lack of vasodilatory effects of atenolol [ 19 ] and the heterogeneous 
effect of drug treatments on small and large vessel stiffness and distensibility. In 
one study, performed in hypertensive patients with non-insulin-dependent diabetes 
mellitus [ 20 ], brachial pulse pressure (a rough marker of arterial stiffness) was 
signifi cantly higher in hypertensives than in normotensive subjects before random 
assignment and was signifi cantly reduced only by the angiotensin receptor antago-
nist valsartan, while no change was observed with atenolol. Angiotensin receptor 
blockers seem to also be particularly effective in reducing vascular stiffness and 
collagen content in small resistance arteries [ 21 ,  22 ], while the stiffness of small 
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arteries (evaluated by the stress-strain relationship) was, in fact, enhanced in 
patients treated with atenolol [ 23 ]. Recently, a signifi cant reduction in small resis-
tance artery stiffness was observed in essential hypertensive patients treated with 
the selective mineralocorticoid receptor blocker eplerenone, but not in those treated 
with atenolol [ 23 ]. The effects of olmesartan on vascular remodelling have been 
studied in the Vascular Improvement with Olmesartan medoxomil Study (VIOS) 
[ 24 ]. This randomised, parallel-group study compared the effects of antihypertensive 
therapy based on olmesartan or atenolol on vascular remodelling in subcutaneous 
small resistance arteries in nondiabetic patients with stage I hypertension. After 1 
year of treatment, olmesartan decreased the wall-to-lumen ratio. In contrast, aten-
olol-based treatment did not affect vascular remodelling. Similarly, the augmenta-
tion index, an index of large artery compliance, was improved by olmesartan, but 
not by atenolol [ 24 ]. 

 In patients with more severe hypertension (i.e. patients with left ventricular 
hypertrophy or concomitant diabetes mellitus), a reduction, but not full normalisa-
tion of the media-to-lumen ratio of subcutaneous small resistance arteries, was 
obtained by effective antihypertensive treatment [ 17 ,  18 ], with the media-to-lumen 
ratio remaining signifi cantly higher than that observed in normotensive controls.   

5.2     Cerebral Autoregulation 

 The cerebral circulation is characterised by the physiological phenomenon of auto-
regulation of the perfusion. Cerebral autoregulation tightly controls blood fl ow to 
the brain by coupling cerebral metabolic demand to cerebral perfusion. In fact, in 
almost all mammalian studies, cerebral blood fl ow remains stable despite changes 
in cerebral perfusion pressure and in systemic arterial pressure [ 25 ]. 

 The autoregulatory responses of cerebral blood vessels during changes in per-
fusion pressure are mediated by various mechanisms [ 26 ]. Metabolic mechanisms 
appear to predominate during reductions in perfusion pressure, but myogenic 
responses are detected under some conditions. There are major differences in the 
autoregulatory capacity of the cerebrum and brainstem [ 27 ], and some studies 
have suggested that the autoregulatory responses of cerebral vessels in vitro 
depend on the endothelium [ 26 ,  28 ]. Calcium entry inhibitors greatly impair the 
autoregulatory responses of cerebral vessels, which suggest that the entry of 
extracellular calcium is essential for cerebral autoregulation. Chronic hyperten-
sion alters cerebral autoregulation and is associated with changes in the cerebral 
microvascular structure; as a consequence, autoregulatory constriction is increased 
[ 26 ,  28 ]. In fact, chronic hypertension produces structural remodelling and hyper-
trophy of the cerebral blood vessels (see following chapter) and a shift in the 
relationship between cerebral blood fl ow and systemic BP [ 28 ]. Humoral mecha-
nisms may have important effects on cerebral blood vessels and blood fl ow, 
namely, endothelium-dependent responses of cerebral arterioles to receptor- and 
non-receptor-mediated agonists are impaired during chronic hypertension. 
Alterations in the endothelium-dependent responses of cerebral arterioles during 
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chronic hypertension appear to be due to release of an endothelium-derived con-
tracting factor [ 28 ]. 

 Due to the right shift of the pressure-fl ow relationship in hypertensive patients, 
excessive BP reduction during antihypertensive treatment might expose these 
patients to an abrupt decrease in regional fl ow and possibly to consequent cellular 
ischemia [ 29 ].  

5.3     Cerebral Microcirculation 

 Studies in humans and in animal models of genetic and experimental hypertension 
have demonstrated the presence of an increased media-to-lumen ratio of the small 
resistance arteries in almost all vascular districts explored [ 1 ,  7 ,  17 ], including the 
cerebral vasculature [ 30 ] (Figs.  5.1  and  5.2 ). Eutrophic remodelling has been 
observed in human essential hypertension, both in the subcutaneous [ 7 ] and the 
cerebral small arteries [ 30 ] (Fig.  5.2 ). In addition, microvascular rarefaction, and 
especially capillary rarefaction, may be observed in hypertensive patients, in several 
vascular districts [ 17 ,  31 ], including the brain [ 30 ].

    Since structural alterations in the cerebral microcirculation might be involved in 
clinical events observed in human essential hypertension, the possible relationships 

M
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  Fig. 5.1    Cerebral artery of a hypertensive patient (Z.L. 62 years) mounted on a pressure micro-
myograph. Media-to-lumen ratio = 0.083, internal diameter 296 μm.  Left : photograph of the cere-
bral tissue from which the vessel was dissected       
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between the structure of small resistance arteries or microvascular density in the 
brain of hypertensive patients and normotensive controls and cerebral regional 
blood fl ow was studied [ 32 ]. A statistically signifi cant negative correlation was 
observed between the media-to-lumen ratio of the cerebral arteries and cerebral 
blood fl ow in the cortical grey matter ( r  = −0.516,  p  < 0.05), basal ganglia ( r  = −0.521, 
 p  < 0.05), thalami ( r  = −0.527  p  < 0.05) and subcortical white matter ( r  = −0.612, 
 p  < 0.01) (Figs.  5.3  and  5.4 ). Microvascular structure might play a major role in 
controlling cerebral blood fl ow, with possible clinical consequences [ 32 ]. It was 
previously postulated that a part of ischemic/haemorrhagic strokes could be attrib-
uted to hypertensive microvascular alterations [ 33 – 35 ]. In particular, it is known 
that cerebral small vessel diseases are responsible for 20–30 % of ischemic strokes 
and for a considerable proportion of cerebral haemorrhages and vascular encepha-
lopathies [ 33 ].

    Together with capillary rarefaction [ 36 ,  37 ], compliance and changes in distensi-
bility ascribed to vessel wall fi brosis have been observed in the cerebral microvas-
culature of animal models of hypertension [ 38 – 40 ]. A study of the mechanical 
properties and elastin and collagen content of human cerebral small vessels [ 30 ] 
found no difference between groups in collagen content or the mechanical proper-
ties of cerebral small arteries [ 30 ]. No statistically signifi cant evidence of increased 

0

0,05

0,1

0,15

Normal subjects Hypertensive
patients

*=p < 0.05 vs. normal subjects

Media to lumen ratio of cerebralsmall resistancearteries

0

10,000

20,000

30,000

40,000

Normal subjects n = 15 Hypertensive patients
n = 13

µm2

Media cross-sectionalarea of cerebralsmall resistancearteries

  Fig. 5.2    Structural alterations in cerebral small arteries in patients with essential hypertension 
compared with normotensive controls: increased media-to-lumen ratio, no change in media cross- 
sectional area (Rizzoni et al. [ 30 ])       
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stiffness or fi brosis was observed in the small cerebral vessels of essential hyperten-
sive patients, although intravascular collagen content was slightly greater. However, 
previous data in animal models of genetic or experimental hypertension have shown 
reduced distensibility in the middle cerebral artery [ 38 ,  41 ] or in larger vessels [ 39 ], 
together with a paradoxically increased distensibility in smaller cerebral vessels 
[ 39 ,  40 ]. One important factor may be the age of the rat, since ageing per se is a 
major determinant of changes in the mechanics and composition of cerebral arteri-
oles [ 42 ]. Little, and contested, data are available on the changes in the mechanical 
properties of small resistance arteries in hypertensive humans, which have mainly 
been evaluated in the subcutaneous vascular bed. Thybo et al. [ 43 ] found no differ-
ences in the relationship between the incremental elastic modulus and wall stress in 
subcutaneous small arteries obtained by gluteal biopsies from essential hyperten-
sive patients and normotensive controls, and other studies found similar results [ 9 , 
 22 ]. Only one study has found a paradoxical increase in distensibility in subcutane-
ous small arteries from essential hypertensive patients [ 44 ]. 

 Large artery stiffening has also been shown to be related to cerebral lacunar 
infarctions [ 45 ] and to large white matter hyperintensities [ 46 ], which are usually an 
expression of cerebral microvascular disease. Elderly subjects with high intracranial 
pulsatility display a smaller brain volume and larger ventricles, supporting the 
notion that excessive cerebral arterial pulsatility harms the brain [ 47 ]. Thus, a close 
relationship has been established between microvascular damage in the brain and 
kidney and indices of age and hypertension (pulse pressure, aortic pulse wave veloc-
ity and augmentation index) [ 48 ]. A possible pathophysiological explanation for 
this link may be offered on the basis of differential input impedance in the brain and 
kidney compared with other systemic vascular beds: torrential fl ow and low resis-
tance to fl ow in these organs expose small arterial vessels to the high-pressure fl uc-
tuations that exist in the carotid, vertebral and renal arteries. Such fl uctuations, 
measurable as central pulse pressure, increase three- to fourfold with age. Exposure 
of small vessels to highly pulsatile pressure and fl ow explains microvascular dam-
age and the resulting renal insuffi ciency and intellectual deterioration [ 48 ]. 
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  Fig. 5.3     Left graph : correlation between cerebral blood fl ow in the basal ganglia ( right ) and 
media-to-lumen ratio of cerebral arteries.  Right graph:  correlation between cerebral blood fl ow in 
the subcortical white matter and media-to-lumen ratio of cerebral arteries.  Empty circles : normo-
tensive subjects,  full circles : hypertensive patients (De Ciuceis et al. [ 32 ])       
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  Fig. 5.4    Cerebral blood fl ow maps with manually traced regions of interest in the cerebellum ( a ); 
left temporal cortex ( b ); basal ganglia, thalami and calcarine cortex ( c ); and fronto-parietal cortex 
( d ) (De Ciuceis et al. [ 32 ]). Cerebral blood fl ow maps with bilateral regions of interest including 
the basal ganglia, thalami, calcarine cortex and fronto- parietal cortex. On the right side, automatic 
segmentation was applied to the right basal ganglia ( e ) and fronto-parietal cortex ( f ) (De Ciuceis 
et al. [ 32 ])       
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Therefore, the logical approach to prevention and treatment requires the reduction 
of central pulse pressure [ 48 ]. Because the aorta and the large arteries are not 
directly affected by drugs, this entails a reduction in wave refl ection by dilation of 
the conduit arteries elsewhere in the body [ 48 ]. This can be accomplished by regular 
exercise and by drugs such as nitrates, calcium channel blockers, angiotensin- 
converting enzyme inhibitors and angiotensin receptor blockers [ 48 ]. 

 Pulse pressure and pulse wave velocity, markers of arterial stiffness, have been 
associated with stroke, dementia and lowered levels of cognitive function. 
Aggressive treatment of risk factors associated with greater arterial stiffness may 
help preserve cognitive function with increasing age [ 49 ]. 

 The pulsatility index has been associated with lower memory scores and worse 
performance on tests assessing executive function. When magnetic resonance imag-
ing measurements (grey and white matter volumes, white matter hyperintensity vol-
umes and prevalent subcortical infarcts) were included in cognitive models, the 
evidence showed that increased aortic stiffness and excessive fl ow pulsatility dam-
age the microcirculation, leading to quantifi able tissue damage and reduced cogni-
tive performance. Marked stiffening of the aorta is associated with reduced wave 
refl ection at the interface between the carotid and aorta, the transmission of exces-
sive fl ow pulsatility into the brain, microvascular structural brain damage and lower 
scores in various cognitive domains [ 50 ]. 

 While aortic stiffening is the principal cause of cardiovascular disease with age 
in persons who escape atherosclerotic complications, it is not a specifi c target for 
therapy. The principal target is the smooth muscle in distributing arteries, whose 
relaxation has little effect on peripheral resistance but causes a substantial reduction 
in the magnitude of wave refl ection. This relaxation is achieved through regular 
exercise and with the vasodilating drugs that are used in the current treatment of 
hypertension and cardiac failure [ 51 ]. 

 Middle cerebral artery pulsatility was the strongest physiological correlate of 
leukoaraiosis, independent of age, and was dependent on aortic diastolic BP and 
pulse pressure and aortic and MCA stiffness, supporting the hypothesis that large 
artery stiffening results in increased arterial pulsatility with transmission to the 
cerebral small vessels resulting in leukoaraiosis [ 52 ].  

5.4     Retinal Vessels as a Non-invasive Target to Explore 
the Cerebral and Systemic Microcirculation 

 The retinal microcirculation is, perhaps, the only microvascular district that may be 
directly observed and evaluated by a relatively simple funduscopic examination. 
The cerebral and retinal circulation share anatomic, physiological and embryologi-
cal features [ 53 ], making the evaluation of microvascular structure in the retina a 
very good candidate for non-invasive assessment of hypertension-induced changes 
in the microvessels. 

 Recently, Harzny et al. [ 54 ] proposed a new method for the assessment of 
structural abnormalities in the retinal vascular district. Quantifi cation of the 
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wall-to- lumen ratio of the retinal arterioles was made using scanning laser Doppler 
fl owmetry (SLDF) [ 54 ]. This showed that the wall-to-lumen ratio of the retinal 
arterioles is increased in untreated hypertensive patients [ 55 ] and in treated 
patients with cerebrovascular events [ 54 ] (Fig.  5.5 ). In addition, the wall-to-lumen 
ratio seems to correlate with indices of microvascular damage in other vascular 
districts, such as albumin excretion by the kidney [ 56 ]. We recently validated this 
non- invasive approach by demonstrating a close correlation between the media-
to-lumen ratio of the subcutaneous small arteries and the wall-to-lumen ratio of 
retinal arterioles evaluated non-invasively by scanning laser Doppler fl owmetry 
[ 57 ]. Using SLDF, Ott et al. [ 58 ] have very recently shown that central pulse pres-
sure correlated with the wall-to-lumen ratio and that the central augmentation 
index, normalised to a heart rate of 75 beats per minute, correlated with the wall-
to-lumen ratio. Multiple regression analysis revealed an independent relationship 
between the wall-to-lumen ratio and central pulse pressure, but not with other 
classical cardiovascular risk factors.

   An even more recent study using the same technique found that the wall-to- 
lumen ratio of the retinal arterioles was associated with clinic systolic and pulse 
pressure, to 24-h systolic and pulse pressure and to central systolic and pulse pres-
sure [ 59 ]. 

 Thus, central pulse pressure, which is indicative of changes in the large conduit 
arteries, is an independent determinant of vascular remodelling in the small retinal 
arterioles [ 60 ]. This relationship indicates coupling and crosstalk between the 
microvascular and macrovascular changes attributable to hypertension [ 60 ]. In fact, 
an increased wall-to-lumen ratio and rarefaction of the small arteries are major 
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factors for an increase in mean BP; the higher mean BP, in turn, may increase large 
artery stiffness through the loading of the stiff components of the arterial wall at 
high BP levels; fi nally, increased large artery stiffness may be a major determinant 
of increased pulse pressure, which, in turn, damages small arteries in different 
organs (heart, brain, retina, kidney) and, in general, favours the development of 
target organ damage [ 60 ]. Thus, the vicious circle of the crosstalk between the small 
and large arteries exacerbates arterial damage [ 60 ,  61 ].  

5.5     Summary and Conclusions 

 Changes in the microvascular structure of the cerebral circulation, both in terms of 
an increased media-to-lumen ratio of the cerebral small resistance arteries or the 
wall-to-lumen ratio of the retinal arterioles, together with capillary rarefaction, may 
have important pathophysiological and clinical consequences. Cerebral small vessel 
disease is associated with an increased risk of death and ischemic stroke [ 62 ]. 
Changes in large artery stiffness (including carotid artery stiffness) may be related 
to microvascular alterations and contribute to cerebrovascular events, including 
cerebral microbleeds, even in deep locations attributable to hypertension [ 63 ]. The 
brain may play a crucial role in the onset of essential hypertension [ 48 ] but is also a 
main target of the detrimental effects of hypertension; changes in small artery struc-
turing may be a crucial mechanism in the development of the complications of 
hypertension [ 64 ], especially in the brain.     
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6.1           Introduction 

 Hypertension, beyond its well-known effect on the occurrence of clinical stroke, is 
also associated with the risk of subclinical brain damage seen on cerebral magnetic 
resonance imaging (MRI), particularly in elderly individuals. Better understanding 
of the haemodynamic consequences of hypertension on brain function and structure 
is essential in order to select the most appropriate therapeutic management and 
optimize prevention. In this regard, large artery damage, assessed by increased aor-
tic stiffening and higher central pulse pressure (PP), is an interesting target. Here, 
we propose an integrated pathophysiological approach in order to aid understanding 
of how large artery damage infl uences pressure wave transmission, exaggerates sub-
clinical brain damage, and leads to cerebrovascular complications.  

6.2     Subclinical Brain Damage in Hypertension 

 Hypertension is associated with subclinical brain damage seen on cerebral MRI, par-
ticularly in elderly individuals [ 1 – 4 ]. The most common types of brain lesions are 
white matter hyperintensities (WMHs) and silent infarcts, the reported frequency of 
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which varies between 10 and 30 % [ 5 ]. Both lesions are characterized by a high signal 
on T2-weighted images and silent infarcts may be differentiated by their low signal on 
T1-weighted images. A more recently identifi ed type of lesion is microbleeds, which 
are seen in 5–25 % of community-based subjects and in about 5 % of individuals with-
out cerebrovascular disease. Microbleeds are small homogeneous, round foci of low 
signal intensity on MRI gradient echo (GRE) T2* images. Like WMH and silent 
infarcts, microbleeds are more frequent in individuals with hypertension. 

 Several studies have suggested that sustained or uncontrolled hypertension is 
associated with a greater WMH load [ 3 ,  4 ,  6 ]. The blood pressure (BP) level also 
seems to play a role, with higher BP values being associated with higher grades of 
WMH [ 6 ,  7 ]. These “dose-dependent” effects of the duration and level of BP pro-
vide strong support for a causal relationship between high BP and WMH, similar to 
that already reported for stroke.  

6.3     Predictive Value of Subclinical Brain Damage 
for Cognitive Impairment and Stroke 

 In the past 15 years, several community-based studies of a large number of subjects 
subjected to MRI exams have shown that these lesions are not so silent and were 
associated cross-sectionally with subtle cognitive or motor impairment. It was also 
recently discovered that they were associated with incident cognitive deterioration 
or dementia [ 8 ,  9 ], depression [ 10 ] and gait dysfunction [ 11 ,  12 ]. 

 These associations are mainly due to the direct consequences of these lesions on 
the brain circuits and, particularly, to the disconnection of subcortical-cortical loops. 
Small, clinically silent brain infarctions appear to be at least as strong a risk for 
subsequent dementia [ 9 ] as larger, clinically evident strokes [ 13 ]. In most cases, 
dementia is not caused by the simple burden of vascular lesions but also by pre- 
existing neurodegenerative lesions, which are very common in the elderly. The 
occurrence of vascular lesions could simply reveal the ongoing development of 
Alzheimer’s disease. The interaction between neurodegenerative factors and stroke 
in the risk of dementia was highlighted in the autopsy-based Nun Study [ 14 ], in 
which the presence of a small lacunar infarct was strongly associated with the diag-
nosis of clinical dementia (when alive) in people meeting the neuropathological 
criteria for Alzheimer’s disease. 

 Several studies have described WMH or silent infarcts as a predictor of incident 
stroke in the general population [ 15 ,  16 ] and of stroke recurrence in patients with a 
history of transient ischaemic attack or stroke [ 17 ]. In this case, WMH may be con-
sidered as a harbinger of further clinical events. In the 3C Study, a large population- 
based cohort study in the elderly in which cerebral MRI was performed in 1924 
participants aged ≥65 years, subjects in the highest quartile of WMH had a more 
than fi vefold increased risk of stroke during follow-up compared to those with a 
WMH load under the median [ 18 ]. Interestingly, there was no increased risk of other 
vascular events, suggesting that WMH was a specifi c predictor of the risk of stroke.  
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6.4     Large Artery Damage in Hypertension 

6.4.1     Large Artery Remodelling 

 In essential hypertension, large artery remodelling is characterized by an increase 
in intima-media thickness (IMT) (about +15 to 40 %), lumen enlargement in the 
proximal elastic arteries and no change in the lumen diameter of the distal mus-
cular arteries [ 19 – 24 ]. Wall thickening [ 25 ] compensates for the rise in BP and 
tends to normalize circumferential wall stress. The increase in central systolic 
BP (SBP) and pressure pulsatility (PP) favours the thickening of the large artery 
wall, particularly the carotid wall [ 24 ]. The enlargement of the proximal elastic 
large arteries with elevated mean BP has been extensively described in studies 
using ultrasound, particularly high-resolution echotracking systems [ 19 – 23 , 
  26 – 28 ]. Hypertension exaggerates the effects of ageing. It is generally attributed 
to fracture of the load-bearing elastin fi bres in response to the fatiguing effect of 
steady and pulsatile tensile stress. However, the growth and apoptosis of vascular 
smooth muscle cells (VSMCs) may also be involved. The enlargement of large 
proximal elastic arteries, such as the thoracic aorta, with hypertension, contrasts 
with the lack of enlargement of distal muscular arteries, such as the iliac or 
femoral arteries. Thus, the tapering of the aortic tree (i.e. larger diameter 
upstream than downstream) is exaggerated by hypertension at a given age. This 
lumen mismatch creates refl ection sites for the pressure wave and increases 
central BP.  

6.4.2     Large Artery Stiffening 

 In patients with essential hypertension, large artery stiffness is elevated in 
response to the increased loading of stiff wall materials, such as collagen, by 
high BP levels. In addition, with age and hypertension, the repeated mechanical 
stress induced by local pulsatility induces biomechanical fatigue of the wall 
components in the load- bearing media of elastic arteries. This is associated with 
a loss of the orderly arrangement of smooth muscle cells (SMCs) and extracel-
lular matrix (ECM), the degeneration of elastic fi bres and a higher amount of stiff 
collagenous material. 

 In addition, chronic activation of the systemic and local renin-angiotensin sys-
tem promotes VSMC proliferation, low-grade infl ammation, increased collagen 
content and the formation of advanced glycation end products (AGEs). These 
mechanisms are variously associated in patients with essential hypertension, 
depending on the associated cardiovascular risk factors or disease. For instance, in 
secondary forms of hypertension, such as primary aldosteronism [ 29 ] or renovas-
cular hypertension [ 30 ], arterial stiffness is due to the fi brotic effect of high aldo-
sterone levels [ 29 ] together with the continuous activation of the renin-angiotensin 
system [ 30 ].   
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6.5     Large Artery Damage and Subclinical Brain Damage 

 The precise mechanisms underlying the development of WMH, silent infarcts and 
microbleeds in hypertensive patients remain unclear. However, a global pathophysi-
ological framework implicating large artery damage as a cause, or at least as an 
aggravating factor, may be deduced from epidemiological and pathophysiological 
studies. 

6.5.1     Evidence from Epidemiology 

 Recently, a large number of studies have reported strong relationships between large 
artery damage and either subclinical brain damage or cognitive impairment. 
Alterations in carotid wall thickening and aortic stiffening in patients with cognitive 
decline link vascular ageing with vascular cognitive impairment (VCI) and under-
line the aggravating role of hypertension. 

 The relationship between carotid IMT and cognitive function has been analysed 
in cross-sectional [ 31 ,  32 ] and longitudinal studies [ 33 – 35 ]. The study population, 
the defi nition of carotid IMT and the neuropsychological test adopted to evaluate 
cognition were heterogeneous. However, a signifi cant inverse relationship between 
carotid IMT and cognitive function was observed in all studies. In other words, the 
thicker the artery, the lower the cognitive performance. This relationship was sig-
nifi cant after controlling for age and education; some studies further adjusted for 
the presence of depressive symptoms [ 33 ,  34 ] and/or the level of CV risk factor 
level [ 33 ]. 

 Carotid-femoral pulse wave velocity (cfPWV), the “gold standard” for evaluating 
arterial stiffness [ 36 ], was higher in all groups of cognitively impaired subjects – with 
or without dementia [ 37 ]. A cross-sectional inverse relationship between PWV and 
cognitive performance was reported [ 31 ,  38 ,  39 ]. cfPWV was also associated prospec-
tively with cognitive decline before dementia in studies using a cognitive screening 
test [ 40 ,  41 ] and, more specifi cally, tests of verbal learning and delayed recall and 
nonverbal memory [ 41 ]. These relationships remained signifi cant after controlling for 
age, gender, education and BP levels. Other studies reported a signifi cant positive 
relationship between arterial stiffness and volume or localization of WMH − a known 
predisposing factor for vascular dementia [ 42 ] − on neuroimaging [ 43 ,  44 ]. 

6.5.1.1     Arterial Stiffness as an Intermediate End Point 
 Several longitudinal epidemiological studies have shown the predictive value of 
arterial stiffness, carotid pulse pressure and the augmentation index as intermediate 
end points, i.e. the greater the arterial stiffness, the greater the number of CV events. 
The strongest evidence has been demonstrated for aortic stiffness, measured by 
cfPWV. Aortic stiffness has an independent predictive value for all-cause and CV 
mortality, fatal and nonfatal coronary events and fatal strokes and not only in 
patients with uncomplicated essential hypertension [ 45 – 47 ]. Until now, some 19 
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studies − some included in a recent meta-analysis [ 48 ] – have consistently shown the 
independent predictive value of aortic stiffness for fatal and nonfatal CV events in 
various populations. Aortic stiffness can thus be considered as an intermediate end 
point for CV events [ 49 ]. 

 Few studies have shown a signifi cant relationship between aortic stiffness and 
the occurrence of stroke [ 47 ]. An individual participant meta-analysis [ 50 ] found no 
signifi cant relationship. This is possibly related to the arterial territory studied. 
Carotid stiffness may also be used as a proxy for middle-sized cerebral artery stiff-
ness and has been reported to be associated with increasing large WMH volume, 
independently of vascular risk factors and carotid plaque [ 51 ]. Interestingly, carotid 
stiffness has demonstrated an independent predictive value for stroke in an indi-
vidual participant meta-analysis [ 52 ]. 

 Arterial stiffness may also be important in recovery after stroke. A prospective 
study by Gasecki et al. [ 53 ] of 99 patients with acute ischaemic stroke found that 
aortic stiffness was an independent predictor of functional outcome. cfPWV was 
measured 1 week after stroke onset. The functional outcome was evaluated 90 
days after stroke using the modifi ed Rankin scale with a modifi ed Rankin scale 
score of 0–1 considered an excellent outcome. In the multivariate analysis, the 
predictive value of cfPWV remained signifi cant after adjustment for age, baseline 
neurologic defi cit or NIH (National Institutes of Health) Stroke scale score on 
admission and a history of a previous stroke. In a subsequent study in a larger 
number of patients, Gasecki et al. [ 54 ] found that low aortic stiffness (cfPWV) 
was associated with an early (i.e. 1 week) favourable outcome, independently of 
other known prognostic factors. 

 Although the relationship between aortic stiffness and CV events in general is 
continuous, a threshold of 10 m/s [ 55 ] has been suggested as a conservative estimate 
of signifi cant alterations in aortic function in middle-aged hypertensives and has 
been included in the 2013 ESH-ESC guidelines for the management of hyperten-
sion [ 56 ]. High aortic PWV may thus represent target organ damage and should be 
detected during the estimate of CV risk in hypertensives. Reference values for PWV 
[ 57 ] have been established in 1455 healthy subjects and 11,092 subjects with CV 
risk factors. 

 The independent predictive value of aortic stiffness for CV events has been 
demonstrated after adjustment for classical CV risk factors, including brachial 
pulse pressure. This indicates that aortic stiffness has a better predictive value 
than each of the classical risk factors. In addition, aortic stiffness retains its pre-
dictive value for CHD events after adjustment to the Framingham risk score, sug-
gesting that it adds value to a combination of CV risk factors [ 45 ]. One reason 
may be that aortic stiffness integrates the damage of CV risk factors on the aortic 
wall over a long period of time, whereas BP, glycaemia and lipids may fl uctuate 
over time, and their values, recorded at the time of risk assessment, may not refl ect 
the true values damaging the arterial wall. Another explanation may be that arte-
rial stiffness shows the patients in whom arterial risk factors have translated into 
real risk.  
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6.5.1.2     Central BP as an Intermediate End Point 
 In the last decade and a half, several longitudinal studies have shown that central 
SBP and PP have an independent predictive value for all-cause and CV mortality. 
Eleven studies performed in populations at various CV risk and including 5648 
subjects with a mean follow-up of 3.8 years were included in a meta-analysis 
[ 58 ]. However, the added predictive value of central BP for CV events beyond 
classical CV risk factors, and particularly brachial BP, has not been consistently 
demonstrated. Additional studies, not included in the meta-analysis, also failed 
to show higher predictive values of central PP compared with brachial PP [ 59 ]. 
These fi ndings contrast with the closer association between central BP and target 
organ damage than for brachial BP [ 36 ]. There is ongoing debate about whether 
the lack of a higher predictive value for central BP compared with brachial BP is 
related to the method used for central BP measurement or refl ects a true patho-
physiological issue.   

6.5.2     Evidence from Pathophysiology 

 Large artery damage could increase the risk of white matter lesions, lacunar 
infarcts and microbleeds on MRI, ultimately leading to cognitive decline and, 
possibly, to ischaemic stroke through three main mechanisms, which are described 
below [ 1 ,  60 ]. 

6.5.2.1     Blood Pressure Hyperpulsatility in Cerebral Vessels 
 Several clinical studies [ 51 ,  61 ,  62 ] have related subclinical brain damage and 
cognitive decline to high local pulse pressure. In particular, three studies performed 
an extensive haemodynamic and MRI investigation. Mitchell et al. [ 61 ] evaluated 
carotid pressure and fl ow, cfPWV, brain MRI images and cognitive scores in 668 
participants with no history of stroke, transient ischaemic attack or dementia, in the 
Community-Based Age, Gene/Environment Susceptibility – Reykjavik Study. 
Aortic characteristic impedance (the ratio of change in pressure divided by change 
in fl ow) was assessed in a random subset and the refl ection coeffi cient at the aorta- 
carotid interface was computed. The carotid fl ow pulsatility index was signifi cantly 
and negatively related to the aorta-carotid refl ection coeffi cient. Carotid pulse pres-
sure and cfPWV were each signifi cantly associated with an increased risk for silent 
subcortical infarcts and with lower memory scores. In particular, the pulsatility 
index was signifi cantly associated with lower memory scores, slower processing 
speed and worse performance on tests of executive function. The data indicated 
that marked stiffening of the aorta was associated with reduced wave refl ection at 
the interface between the carotid and aorta, resulting in the transmission of exces-
sive fl ow pulsatility into the brain, microvascular structural brain damage and 
lower scores in various cognitive domains. This study [ 61 ] strongly supports the 
hypothesis that increased aortic stiffness and excessive fl ow pulsatility damage the 
microcirculation, leading to quantifi able tissue damage and impaired cognitive 
performance. 
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 Webb et al. [ 62 ] studied 100 patients recruited from the Oxford Vascular Study 
within 6 weeks of a transient ischaemic attack or minor stroke. They measured 
middle cerebral artery (MCA) fl ow pulsatility with transcranial ultrasound and aor-
tic pulse wave velocity and aortic systolic, diastolic and pulse pressures with appla-
nation tonometry (SphygmoCor) and found that MCA pulsatility and aortic PWV 
were signifi cantly greater in patients with leukoaraiosis. In addition, aortic PWV 
was signifi cantly associated with periventricular and deep white matter lesions, 
independently of aortic SBP. The multivariate analysis showed that MCA pulsatility 
was independently associated with aortic PWV ( P  = 0.016) and aortic pulse pres-
sure. The authors suggested that MCA pulsatility was the strongest physiological 
correlate of leukoaraiosis, independently of age, and was dependent on aortic pulse 
pressure and aortic stiffness, supporting the hypothesis that large artery stiffening 
results in increased arterial pulsatility with transmission to the cerebral small ves-
sels and leads to leukoaraiosis. It should be noted, however, that hyperpulsatility 
could be a consequence, rather than a cause, of small cerebral vessel damage, and 
that cause and consequence may even be associated. 

 Brisset et al. [ 51 ] investigated the relationship between carotid structure and 
function and MRI markers of cerebral ischaemic small vessel disease in 1800 par-
ticipants from the population-based, prospective 3C-Dijon Study. The presence of 
carotid plaque and increasing carotid lumen diameter (but not common carotid 
artery intima-media thickness), which are known to be signifi cantly infl uenced by 
local BP pulsatility [ 24 ], were associated with a higher prevalence of lacunar 
infarcts. Carotid plaque and augmented carotid stiffness were associated with large 
WMH volume, independently of vascular risk factors. This shows that, in addition 
to and independently of carotid plaque, increasing carotid lumen diameter and 
carotid stiffness were associated with an increasing prevalence of lacunar infarcts 
and increasing WMH volume, respectively.  

6.5.2.2     Propagative Models, Wave Reflection and Pulsatility 
of Central Blood Pressure 

 To understand the mechanisms linking arterial stiffness to wave refl ection and 
augmented central pulse pressure in hypertension, the heterogeneity of elastic 
properties throughout the arterial tree must be taken into account. This heteroge-
neity creates a stiffness gradient. In normotensive subjects, the distensibility of 
conduit arteries decreases from the upstream elastic proximal large arteries to the 
downstream stiffer distal medium-sized arteries. Although all large artery seg-
ments have three layers (intima, media and adventitia), the large proximal elastic 
arteries and medium-sized distal muscular arteries differ in the relative amount of 
VSMCs and extracellular matrix (especially elastin) in their media, which plays 
the most infl uential role in elastic properties. In humans, PWV is generally 
accepted as the most simple, non-invasive, robust and reproducible method of 
determining regional arterial stiffness [ 36 ]. cfPWV (i.e. arterial stiffness) increases 
from 4 to 5 m/s in the ascending aorta to 5–6 m/s in the abdominal aorta and to 
8–9 m/s in the iliac and femoral arteries [ 26 ,  63 ]. The stiffness gradient between 
the large elastic arteries and the medium-sized muscular arteries, together with 
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the geometric taper (lumen mismatch), local arterial branching and lumen narrow-
ing of the medium size arteries (all abnormalities described above), creates an 
impedance mismatch, causing partial refl ections of forward pressure waves trav-
elling back to the central aorta (refl ected wave). With hypertension-induced arte-
rial stiffening, the refl ected wave travels more rapidly along the arterial tree. Thus, 
early refl ected waves arrive in early systole, superimpose on the forward wave and 
boost the systolic pressure further. These mechanisms explain why the structural 
and functional changes in large arteries in hypertension cause a premature return 
of refl ected waves in late systole, increasing central pulse pressure and, thus, SBP. 

 Partial pressure wave refl ections limit the transmission of pulsatile energy to the 
periphery and protect the microcirculation, particularly the brain vasculature. In 
hypertensive patients, because less proximal wave refl ections are generated, as 
described above, the pulsatile pressure is not suffi ciently dampened when it arrives 
at the brain and is transmitted to the cerebral microcirculation. Notably, high central 
PP also infl uences arterial remodelling, not only in the intracranial arteries but also 
in the extracranial arteries, increasing carotid wall thickness and leading to the 
development of atherosclerotic plaques [ 24 ,  64 ].  

6.5.2.3     Pulse Wave Encephalopathy 
 Another possible mechanism, which was suggested 10 years ago by Bateman et al. 
[ 65 ], is that an excessive turnover of cerebrovascular fl uid, induced by excessive 
pressure pulsatility, could affect the structural and functional changes of the cere-
bral circulation in patients with hypertension. They named this  pulse wave encepha-
lopathy . As indicated above, the cerebral circulation, characterized by a torrential 
circulation with minimal vascular resistance, is particularly susceptible to pressure 
pulsatility [ 66 ]. The transmission is further amplifi ed by the incompressibility of the 
skull. Thus, the small cerebral arteries are particularly exposed to the high-pressure 
fl uctuations that exist in the carotid arteries. Pulse wave encephalopathy is thought 
to be the mechanism underlying periventricular WMLs which, in contrast to deep 
subcortical WMLs, may not be of ischaemic origin. The pulsatile movements of the 
cerebrospinal fl uid due to intracranial PP waves may damage the ependymal lining 
[ 65 ,  67 ], and these ependymal alterations have been shown to correlate signifi cantly 
with the periventricular WML burden [ 68 ].  

6.5.2.4     Impaired Autoregulation of Blood Flow 
 In hypertension, the inward remodelling of the small cerebral arteries and the asso-
ciated increased myogenic tone impair vasomotor reactivity, limit the autoregula-
tion of the cerebral blood fl ow and increase susceptibility to focal ischaemia when 
blood pressure is transiently and/or acutely low. Patients with exaggerated visit-to- 
visit SBP variability are at increased risk of stroke, which suggests that repeated 
episodes of hypoperfusion and microvascular ischaemia, which are more likely in 
those patients, could favour tissue damage and stroke. 

 In summary, all three aforementioned mechanisms – high PP in the cerebral ves-
sels, pulse wave encephalopathy and impaired autoregulation of the cerebral blood 
fl ow – emphasize the role of aortic stiffness in central haemodynamics.    
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6.6     Prevention of Subclinical Brain Damage 
by Antihypertensive Drugs 

 WMH and other subclinical brain lesions are involved in the occurrence of major 
neurological disorders and appear to accelerate brain ageing. Trying to control their 
aggravation is therefore an important goal. As hypertension is the major modifi able 
risk factor, it seems logical to fi rst test the hypothesis that BP-lowering treatment 
may modify this evolution. 

 This question was addressed in the PROGRESS MRI Clinical Trial [ 42 ], a sub- 
study of the PROGRESS Trial [ 69 ]. In this sub-study, 192 patients were enrolled 
(mean age 60 years), 89 patients assigned to active treatment and 103 patients to 
placebo. Each participant underwent a baseline MRI and a second MRI examination 
after a mean follow-up of 36 months. The variability between the two examinations 
due to technical aspects (position of the head in the scanner, sections of different 
sizes taken in different positions) was limited by using image analysis techniques to 
realign the images and for automatic segmentation after the recording of scans in an 
object-oriented database. These techniques rendered the images as comparable as 
possible, and an independent observer blind to the clinical data and order of exami-
nations was then able to compare the scans in detail, detecting and measuring each 
new lesion. A neurologist analysed the initial scan results and identifi ed 13 % of the 
patients as having moderate WMH and 19 % severe WMH. In the second MRI scan, 
SBP had decreased by a mean of 11.2 mmHg and DBP by 4.3 mmHg. The overall 
risk of a new WMH lesion was 43 % lower in the treatment arm than in the placebo 
arm, although this difference was not statistically signifi cant ( P  = 0.10) [ 42 ]. The 
volume of new WMH lesions in the treatment arm was only one-fi fth than that of 
the placebo arm (0.4 cm 3  versus 2 cm 3 ;  P  = 0.047). The greatest difference was 
observed in patients with severe WMH on the fi rst MRI scan. In this group, no new 
lesions were observed in the treatment arm, whereas the volume of WMH increased 
by 7.6 cm 3  in the placebo arm ( P  = 0.001) [ 42 ]. This group also displayed the most 
marked progression of WMH over the 4-year follow-up, thus confi rming the results 
of several observational studies. Finally, it was recently shown in the PROGRESS 
Trial that patients with a high load of WMH lesions had a 7.7-fold greater risk of 
severe cognitive deterioration or dementia (95 % CI = 2.1–28.6) [ 69 ]. 

 These preliminary results are encouraging because they show, for the fi rst time, 
that it is possible to slow the development of WMH by lowering BP. However, given 
the relatively small number of patients studied, these results cannot be considered as 
conclusive. They require confi rmation or refutation in larger groups of patients. 
Furthermore, all patients in the PROGRESS Study had a history of stroke, limiting 
the extent to which these results can be generalized. 

 Ideally, the next step would be a trial in patients with moderate-to-severe 
WMH. There is now strong evidence that this group is exposed to a rapid increase 
in WMH volume and also to an immediate risk of severe cognitive deterioration and 
dementia. As WMH have been shown to play a role in the occurrence or aggravation 
of cognitive decline and dementia, limiting their progression may be the corner-
stone of a wider strategy to prevent dementia by controlling vascular factors.  
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    Conclusion 

 Better understanding of the haemodynamic consequences of hypertension on 
brain damage is necessary, not only to select the most appropriate therapeutic 
management but also to optimize prevention, which should be started early in 
individuals at high risk of developing brain damage. This review has proposed an 
integrated pathophysiological approach in order to better understand how large 
artery damage infl uences pressure wave transmission, exaggerates subclinical 
brain damage and leads to cerebrovascular complications. Arterial stiffness and 
central blood pressure could improve our understanding of the haemodynamic 
consequences of hypertension on the brain considerably if they were measured 
non-invasively in epidemiological studies and randomized clinical trials having 
cognitive decline, dementia or WMLs as end points.     
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7.1           Introduction 

 Stroke is a heterogeneous vascular disease with a complex and multifactorial 
pathogenesis which determines clinical course and outcomes. Among numerous 
well-recognised cardiovascular (CV) risk factors, arterial hypertension is a major 
causative contributor of cerebrovascular disease. Elevated blood pressure (BP) is 
a critical determinant of the increased risk for developing two major types of 
stroke, ischaemic and haemorrhage. Annually more than 12 million strokes are 
attributable to high BP [ 1 ]. Epidemiological studies have indicated differences in 
the incidence of stroke dependent on race, ethnicity, gender, age and socioeco-
nomic status [ 2 ]. The risk of developing stroke is approximately double in African 
Americans when compared to Caucasians as a result of the earlier development of 
high BP [ 2 ]. More recently, genetic components [ 3 ], gene mutations associated 
with folate metabolism [ 4 ], chronic stress [ 5 ,  6 ], short-term use of nonsteroidal 
anti-infl ammatory drugs in hypertensives (particularly hypertensive women with 
concomitant anticoagulant use) [ 7 ], job strain and long working hours [ 8 ] have 
been demonstrated to substantially increase the risk of stroke. Notably, more than 
half of primary or recurrent strokes occur in women who have a greater rate of 
stroke-related death. The gender-specifi c stroke-related risk factors in women 
including pregnancy, pre- eclampsia, gestational hypertension, hormonal contra-
ception, menopause, hormone replacement therapy, metabolic syndrome, obesity, 
atrial fi brillation, migraine with aura and smoking may play a causative role in 
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this scenario [ 9 ]. The requirement for understanding the role of the different risk 
factors underlying stroke in females led to the release of the guidelines for the 
prevention of stroke in women and the need for further research aimed at address-
ing the existing gaps in knowledge [ 9 ]. 

 Stroke is listed as a second leading cause of death worldwide following CV dis-
ease and remains a major public health problem. This condition is associated with 
poor prognosis, a high rate of recurrence, increased mortality and rising costs to the 
healthcare system. The stepwise increase in BP from a threshold of 115/75 mmHg 
has been directly linked to stroke-related death  [ 10 ]. The higher risk of acute stroke 
is evident in the prehypertensive state and nonelderly [ 11 ]. Randomised clinical tri-
als have provided ample evidence that a reduction in BP is the most important inter-
vention for primary stroke prevention [ 12 – 16 ]. In fact the gradual reduction in 
stroke mortality has been largely attributable to improved control of hypertension 
[ 17 ]. While 77 % of all strokes are fi rst off events, the risk of having a transient 
ischaemic attack (TIA) or recurrent stroke within the fi rst year is nearly one in four 
[ 2 ]. Although concerns have been raised with regard to cerebral perfusion, blood 
fl ow and BP levels after stroke, evidence indicates that the use of antihypertensive 
drugs results in a signifi cant reduction in recurrent stroke risk.  

7.2     Classification of Acute Ischaemic Stroke Subtype 

 Ischaemic strokes account for 87 % of all strokes with the remaining proportion of 
13 % attributable to haemorrhagic strokes. More than 150 known causes of stroke 
have been identifi ed so far with numerous classifi cation systems defi ning the subtypes 
of acute ischaemic stroke proposed over the past 40 years. While there are some 
strengths and limitations regarding the various categorisations, the narrow time win-
dow for therapeutic action in acute ischaemic stroke critically requires the appropriate 
identifi cation of stroke subtype and underlying cause. Clinical outcomes after stroke, 
stroke recurrence rates and approaches for secondary prevention are strongly depen-
dent on stroke subtype (Fig.  7.1 ). Recent advances in brain imaging have contributed 
to the precise identifi cation of stroke subtype likely resulting in improved clinical 
outcomes. This indicates that consistent categorisation of patients according to stroke 
type and associated mechanisms is crucial in clinical trials in acute ischaemic stroke.

7.3        Harvard Cooperative Stroke Registry 

 The Harvard Cooperative Stroke Registry prospectively collected questionnaires 
including 86 items consisting of clinical, anatomical and laboratory data (i.e. when 
possible initial symptoms at the onset of diagnosis, past medical history, signs and 
fi ndings on physical examination, cerebrospinal fl uid, hospitalisation, angiography, 
computed tomography, etc.) from 694 patients who were hospitalised with acute 
stroke [ 18 ]. This study identifi ed the stroke subtype in all patients and found that 
thrombosis of a large artery was the underlying cause of cerebrovascular events in 
233, lacunes in 131, embolism in 215, intracranial haematoma in 70 and subarach-
noid haemorrhage from aneurysm of arteriovenous malformation in 45 patients [ 18 ]. 
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Among the 694 patients, a notable number of patients ( n  = 358) with a history of 
hypertension had lacunes or haematoma followed by thrombosis. Four hundred and 
one out of 694 patients who presented with high BP levels of 160/100 mmHg or 
more at the onset of diagnosis had a higher incidence of thrombosis, whereas patients 
with more severe hypertension, BP levels of 220/125 mmHg, had haematoma [ 18 ]. 
The majority of patients (~50 %) from this registry had stroke diagnosed by clinical 
fi ndings only (cerebral angiography obtained in 45 %, computed tomography (CT) 
scan in 3 % and necropsies in 4 % of patients). While outcomes, stroke type, site and 
mechanisms were not elucidated in the Harvard Stroke Registry, it was the fi rst pro-
spective database published regarding any medical condition [ 19 ].  

7.4     Oxford Community Stroke Project 

 Another commonly used stroke classifi cation is the Oxford Community Stroke 
Project (OCSP) introduced by Bamford et al. (also known ‘Bamford system’) [ 20 ]. 
This system classifi ed patients according to initial clinical symptoms and signs of 
focal or global loss of cerebral function with a duration of >24 h. The OCSP involved 
~105,000 patients demonstrating the fi rst event of stroke over a 4-year period, con-
fi rmed by cerebral infarction within 28 days of the onset of diagnosis with a CT scan 
or necropsy examination [ 20 ]. Accordingly, following confi rmation of cerebral 
infarction and clinical pattern at the time of utmost neurological defi cit induced by 
a stroke, patients were allocated to one of four groups which included lacunar 
(LACI), posterior (POCI), total anterior (TACI) and partial anterior (PACI) circula-
tion infarcts (Fig.  7.2 ). This simple and rapid classifi cation has been shown to pre-
dict functional recovery and outcomes dependent on site, underlying cause and size 
of cerebral infarct on CT [ 20 ]. Patients in the TACI group experienced a worsened 
functional outcome, a high rate of mortality with more than double the number of 
deaths related to complications of immobility and poor health-related quality of life 
[ 20 – 22 ]. In comparison to other groups, patients in the PACI group were at higher 
risk of an early recurrent stroke, whereas POCI patients were more vulnerable to 
develop a recurrent stroke later within the fi rst year following acute events with a 
better functional prognosis. Although the size of cerebral infarcts is small in the 
LACI group, the impairment and disability often occur in this patient cohort.

5 %

25 %

Large artery
arteriosclerosis

Cardioembolism

Small vascular disease

Cryptogenic

Other
20 %

25 %

25 %

  Fig. 7.1    The prevalence of 
ischaemic stroke subtypes 
including large artery 
arteriosclerosis (25 %), 
cardioembolism (20 %), 
small vascular disease 
(25 %), cryptogenic (25 %) 
and other (5 %) causes 
underlying stroke [ 36 ]       
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   Another large observational study of a total of 8489 patients with acute isch-
aemic stroke has demonstrated that a number of traditional risk factors predicted 
stroke location when the OCSP classifi cation was used [ 23 ]. Indeed, diabetes mel-
litus was associated with increased occurrence of POCI, while age, female gender, 
atrial fi brillation and pulmonary oedema increased the likelihood of anterior circu-
lation ischaemic stroke [ 23 ]. Interestingly, history of hypertension, hypercholester-
olaemia and smoking were unrelated to anterior or posterior circulation ischaemic 
stroke in this study. Although the OCSP classifi cation has been shown to be of 
prognostic value in the vast majority of strokes, its accuracy and sensitivity in pre-
dicting patient outcomes are likely to be restricted to large-sized strokes and to a 
lesser extent on small cortical and subcortical infarcts. Patients with less functional 
neurological defi cit, small early infarcts and negative CT imaging are more likely to 
be misdiagnosed. Poor accuracy for distinguishing lacunar stroke from small- 
volume infarcts have been recently shown in a study evaluating the association 
between clinical OSCP classifi cation and diffusion-weighted magnetic resonance 
imaging (DWI-MRI) [ 24 ]. Clinical TACI classifi cation was associated with correct 
MRI categorisation. In contrast, the OCSP clinical classifi cation was less sensitive 
in differentiating between LACI and PACI syndromes as well as in patients with 
small-sized strokes. Given the different pathophysiology and prognosis, the distinc-
tion between lacunar infarcts and cortical infarcts is of clinical relevance in patient 
management and recruitment into clinical trials. CT and corresponding MRI imag-
ing in a patient with TACI stroke showing extensive infarction of the left middle 
cerebral artery is demonstrated in Fig.  7.3 . DWI-MRI imaging with small LACI in 
the subcortical white matter is depicted in Fig.  7.4 .

  Fig. 7.2    Clinical and radiological summary of the Oxford Community Stroke Project 
classifi cation       
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a b

c d

  Fig. 7.3    CT and MRI imaging of a wide infarction in the left middle cerebral artery (MCA) terri-
tory (TACI stroke). CT scan ( a ) of the malignant left MCA ( red arrow ). MR SWI scan ( b ) of a clot 
( red arrow ) in the left MCA with corresponding CT image. High-intensity signal in the left MCA 
territory ( c ) in DWI-MRI ( b  = 1000) sequence ( red arrows ) with corresponding DWI low-intensity 
signal in the ADC map ( d ) ( red arrows )       
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7.5         TOAST Classification 

 The further classifi cation of acute ischaemic stroke introduced by Adams et al. in 
1993 has been commonly used in the clinical setting and stroke management [ 25 ]. 
The categorisation of subtypes of ischaemic stroke based mainly on aetiology was 
established for the Trial of Org 10172 in Acute Stroke Treatment (TOAST). Clinical 
symptoms, brain imaging (CT/MRI), cardiac imaging, duplex imaging of extracra-
nial arteries, arteriography and laboratory fi ndings have been considered for the 
development of the TOAST classifi cation of subtypes of acute ischaemic stroke, as 
demonstrated in Table  7.1 . The classifi cation allowing clinicians to identify the spe-
cifi c stroke subtype as probable or possible based on diagnostic tools is clinically 
relevant in the course of diagnosis, providing rationale for the direct cause-related 
interventions.

7.6        SSS-TOAST, the Causative Classification System 

 Further modifi cation of the TOAST classifi cation system resulted in incorporation 
of comprehensive brain imaging (CT, MRI, DWI-MRI) in an attempt to identify the 
most probable stroke subtype, mechanisms, levels of confi dence and associated cri-
teria, thereby minimising the proportion of undetermined strokes [ 26 ]. The major 
advantage of the SSS-TOAST classifi cation system is high reliability and identifi ca-
tion of causes underlying stroke subtype. In addition to the equivalent fi ve major 

a b

  Fig. 7.4    DWI-MRI imaging of small LACI stroke in subcortical white matter close to the left 
inferior temporal gyrus ( red arrows ) with high-intensity signal in DWI-MRI ( b  = 1000) sequence 
( a ) and corresponding DWI low-intensity signal in the MRI ADC map ( b )       
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stroke subtypes as original TOAST classifi cation, the SSS-TOAST allocates each 
stroke into causative category based on the levels of evidence in determining the 
most likely mechanism such as ‘evident’, ‘probable’ or ‘possible’ in the presence of 
multiple existing contributing factors. The causative classifi cation system (CCS) is 
a web-based method that includes a questionnaire-style classifi cation scheme for 
ischaemic stroke (available at   http://ccs.martinos.org    ) and provides an automated 
report regarding the stroke subtype and a comprehensive description of the classifi -
cation rationale [ 26 ]. In comparison to other classifi cations, the web-based CCS 
system provides a prompt analysis of clinical features with intra- and inter-examiner 
reliability which can be potentially utilise in clinical trials and research.  

7.7     ASCO Classification 

 The most recent classifi cation system provides a more complete and precise charac-
terisation of stroke, assessing stroke aetiology, the multifactorial underlying mecha-
nisms and coexisting clinical conditions [ 27 ]. This phenotype-based system stratifi es 
a patient according to the A-S-C-O grades; A, atherosclerosis; S, small vessel dis-
ease; C, cardiac source; and O, other causes with each phenotype defi ning a poten-
tial cause accordingly to 1 (defi nitively a potential cause of the index stroke), 2 
(casualty uncertain) and 3 (unlikely a direct cause of the index stroke despite a dis-
ease is present). A patient receives a grade 3 in the absence of any disease related to 
the stroke and 9 when the grade is not defi nable due to insuffi ciency in the diagnos-
tic process. The diagnostic evidence is scored in levels (A) based on diagnostic gold 
standard techniques or criteria (i.e. autopsy evidence, X-ray angiography, MRI, 
MRI angiography, duplex echocardiography); (B) indirect evidence, less sensitive 
or specifi c diagnostic tests (i.e. only one of the diagnostics tests: duplex echocar-
diography or CT angiography or MRI angiography); and (C) weak evidence, no 
specifi c tests or criteria (i.e. carotid murmur only, Doppler, low-fl ow retinopathy) 
[ 27 ]. Causes linking pathophysiological categorisation to stroke type using the 
ASCO system have been demonstrated previously [ 27 ]. Strengths of the A-S-C-O 
scheme include a comprehensive examination, identifi cation of stroke subtype and 
associated causative factors ultimately providing the best treatment option. The use 

  Table 7.1    TOAST classifi ca-
tion of acute ischaemic stroke 
subtype and its prevalence [ 25 ]  

 Type  Prevalence (%) 
 1. Large artery atherosclerosis a   12.9 
 2. Cardioembolism a   36.5 
 3. Small vessel occlusion (lacune) a   18.4 
 4.  Stroke of other determined 

aetiologies a  
 6 

 5. Stroke of undetermined aetiology  26.4–42.3 
   (a) Two or more causes identifi ed 
   (b) Negative evaluation 
   (c) Incomplete evaluation 

   a Possible or probable depending on results of ancillary studies  
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of detailed stroke subtyping system consistently applied among clinicians and 
researches is relevant in meta-analysis and clinical trials assessing the effectiveness 
of therapies and outcomes.  

7.8     Large Artery Atherosclerotic Disease 

 The well-defi ned stroke subtype, large artery atherosclerosis (LAA), appears to be 
an important target for primary prevention of stroke. Intracranial atherosclerosis 
underlying stroke development is highly prevalent in China (ranging from 33 to 
50 %), in Thailand (accounting for 47 % of all strokes) with similar fi ndings in 
Japan, Singapore and Korea [ 28 ]. More recently, the Rotterdam study with 6 years 
of follow-up has demonstrated that intracranial carotid artery atherosclerosis 
accounted for 75 % of strokes, calcifi cation of aortic arch contributed to 45 % of 
strokes and extracranial carotid artery atherosclerosis accounted for 25 % of acute 
cerebrovascular events [ 29 ]. This observation indicates that LAA is the most com-
mon vascular lesion and major risk factor for having a stroke. 

 Haemodynamically signifi cant stenosis or occlusion of a major brain artery or 
branch cortical artery confi rmed with duplex imaging or arteriography is important 
in the classifi cation of stroke secondary to large artery atherosclerosis. Patients with 
hypertension, diabetes, metabolic syndrome, dyslipidemia and aortic or coronary 
plaque are at high risk of developing LAA stroke with a strong likelihood of athero-
sclerotic vascular disease in other peripheral arteries accompanying concomitant 
intracranial atherosclerosis [ 30 – 32 ]. TOAST system defi nes LAA stroke subtype in 
the presence of atherosclerosis and subsequent stenosis of greater than 50 % of an 
appropriate extracranial portion of the internal carotid artery (ICA) or intracranial 
large artery (i.e. intracranial portion of the ICA, middle cerebral artery stem, intra-
cranial portion of the vertebral artery and basilar artery). The SSS-TOAST system 
also includes protruding atheroma with less than 50 % stenosis as an underlying 
cause of LAA stroke providing its association with stroke event and absence of any 
other evident mechanisms [ 26 ]. 

 There is evidence to suggest that intracranial large artery disease (ICLAD) plays a 
leading causative role in ischaemic stroke and is particularly prevalent among Asians 
[ 33 ]. Previous studies have demonstrated that hypertension is a strong independent 
risk factor for ICLAD but not extracranial carotid disease. However, traditional risk 
factors including age, hyperlipidaemia, diabetes and ischaemic heart disease are asso-
ciated with both atherosclerotic sites, intracranial and extracranial [ 34 ].  

7.9     Cardio-Aortic Embolism 

 Evidence from numerous studies indicated that cardioembolic stroke comprises 
14–30 % of all ischaemic strokes [ 35 ] and 20 % of all cerebral infarctions in North 
American and European populations [ 36 ]. Numerous cardio-aortic sources (i.e. left 
atrial or ventricular thrombus, AF, paroxysmal AF, sick sinus syndrome, atrial 
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fl utter, recent myocardial infarction or previous myocardial infarction with ejection 
fraction <28 %, rheumatic mitral or aortic valve disease, chronic HF with EF <30 %, 
infective endocarditis, non-ischaemic dilated cardiomyopathy, nonbacterial throm-
botic endocarditis, papillary fi broelastoma, left atrial myxoma) have been recog-
nised as critical contributors to high primary risk of cerebral embolism [ 26 ]. The 
prevalence of sources with low or uncertain primary risk of stroke (i.e. patent fora-
men ovale, atrial septal aneurysm, complex atheroma in the ascending aorta or 
proximal arch, etc.) are not uncommon in the general population though their rela-
tion with cardioembolic stroke has been less apparent. 

 Several clinical characteristics have been indicative of cardioembolic stroke 
including sudden onset of neurological defi cit, reduced level of consciousness, 
‘spectacular shrinking defi cit syndrome’ (rapid onset of a major hemispheric stroke 
syndrome followed by abrupt recovery associated with migration of an embolus), 
Wernicke’s aphasia or global aphasia in the absence of hemiparesis [ 35 ]. The short- 
and long-term prognosis of patients with cardioembolic stroke differs from other 
stroke subtypes. The rate of recurrent stroke is predominantly high when compared 
to other stroke subtypes with greatest inpatient mortality at 1 month [ 25 ,  35 ]. The 
most clinically relevant high-risk conditions underlying cardioembolic stroke are 
atrial fi brillation, recent myocardial infarction, mechanical prosthetic valve, dilated 
myocardiopathy and mitral rheumatic stenosis [ 35 ]. Patients with ischaemic stroke 
and AF commonly have worsened neurological recovery, clinical prognosis and 
high risk for recurrent stroke when compared to patients with normal sinus rhythm 
[ 37 ]. Moreover, patients with excessive alcohol intake, hypertension, valvular heart 
disease, nausea, vomiting and previous ischaemic stroke confer augmented risk of 
early recurrent embolisation [ 35 ].  

7.10     Small Artery Occlusion (Cerebral Small Vessel Disease) 

 Lacunar infarcts account for nearly 25 % of all ischaemic strokes. The presence of 
clinical features and radiological signs of typical small infarcts confi rm small artery 
occlusion stroke type. Accordingly, patients with lacunar infarcts and subcortical or 
brainstem infarcts with a diameter ranging from 0.2 to 15–20 mm follow into this 
category [ 25 ]. In autopsy studies, Fisher recognised two types of lacunar infarcts 
with possibly different vascular pathologies: lipohyalinosis and microatheroma 
[ 38 ]. Patients with lacunar infarcts may present with a single lacune which is likely 
to have atherosclerotic risk factors or multiple lacunes with strong link to hyperten-
sion [ 39 ]. The strong association between lipohyalinosis and hypertension docu-
mented by Fisher has been confi rmed in several studies [ 40 ]. Additionally, 
neurological outcome, recurrent stroke and increased mortality risk in patients with 
lacunar stroke and at least one asymptomatic lacunar lesion have been shown to be 
worse when compared to lacunar infarcts lacking these lesions [ 40 ]. The contribu-
tion of hypertension and diabetes as independent determinants of multiple lacunar 
infarcts is well recognised [ 41 ]. Resonance imaging studies have demonstrated that 
kidney dysfunction (reduced estimated glomerular fi ltration rate, GFR) has been 
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related to cerebral small vessel disease (i.e. reduced white matter volume, increased 
white matter lesions, small brain volume) independently of CV risk factors [ 42 ]. 
Although it was not statistically signifi cant, patients with lower eGFR had more 
lacunar infarcts. Another MRI study showed the close association between reti-
nopathy and cerebral small vascular disease that causes white matter lesions and 
lacunes in both hypertensive and normotensive patients [ 43 ]. However, not all 
patients with lacunar infarcts have presented with a history of elevated BP or glu-
cose levels indicating that pathophysiology of small cerebrovascular disease is more 
complex than anticipated. Atherosclerotic carotid plaque or cardiac embolic source 
has been shown to be contributing mechanisms underlying lacunar infarcts with or 
without presence of hypertension and diabetes [ 44 ]. Moreover, there is evidence 
linking genetic predisposition, parental history of stroke, gene polymorphism and 
infl ammatory markers to small vascular infarction [ 45 ]. 

 The term ‘hypertensive cerebral small vessel stroke’ is broad and includes lacu-
nar infarction and hypertensive primary (non-traumatic) deep intracerebral haemor-
rhage. Similarly to lacunar infarcts, hypertension is not always an underlying cause 
of primary intracerebral haemorrhage. Other contributors such as high monocyte 
count beyond traditional risk factors (i.e. current smoking status and hyperlipidae-
mia) have been related to the development of clinical lacunar infarcts in patients 
with acute HSVD stroke but not deep intracerebral haemorrhage [ 46 ]. The presence 
of lacunar infarcts and white matter lesions on MRI substantially increased the risk 
of vascular and nonvascular death and future ischaemic stroke in patients with 
symptomatic atherosclerotic disease [ 47 ]. Whether silent clinically asymptomatic 
infarcts have prognostic signifi cance merits further research.  

7.11     Other Determined Causes 

 This category includes the conditions that bore close temporal and spatial associa-
tion with acute cerebral infarction including nonatherosclerotic vasculopathies (i.e. 
fi bromuscular dysplasia, arteritis, migraine), haematological disorders (abnormali-
ties of thrombosis and haemostasis), drug-induced stroke, moyamoya disease, men-
ingitis, sickle-cell disease, arterial dissection, Sneddon syndrome and others [ 26 ]. 
Among these  disorders, fi bromuscular dysplasia (FMD) is a vascular disease com-
monly associated with secondary hypertension (i.e. renovascular hypertension). 
FMD most commonly affects renal arteries; however, if present in carotid or verte-
bral arteries, it plays a causative role in TIA, aneurysm, artery dissection, ischaemic 
stroke and subarachnoid haemorrhage [ 48 ].  

7.12     Undetermined Causes 

 The CCS classifi cation of ischaemic stroke subtype of undetermined causes includes 
the following stroke category: cryptogenic embolism, other cryptogenics, incom-
plete evaluation and unclassifi ed categories [ 26 ]. The substantial proportion of 
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patients which suffered an ischaemic stroke have a defi ned background aetiology. 
However, despite a comprehensive diagnosis based on the exclusion of the other 
potential causes, up to 40 % of TIAs or strokes with varying proportions dependent 
on the patient population are of uncertain or undetermined causes, commonly 
known as cryptogenic TIA or stroke. The distribution of cryptogenic stroke in 
numerous studies in North American and European populations has averaged ~25 % 
(14–39 %) [ 36 ]. Ample evidence indicates that most cryptogenic strokes are of 
thromboembolic origin [ 36 ]. Non-lacunar strokes with a lack of identifi ed cardio-
embolic source or the presences of occlusive atherosclerosis are classifi ed into this 
category. Several potential causes of embolic stroke of undetermined source have 
been recognised that include mitral valve, aortic valve, non-atrial fi brillation, atrial 
structural abnormalities, left ventricular dysfunction, paroxysmal atrial fi brillation, 
cancer-associated emboli, arteriogenic emboli (i.e. aortic arch atherosclerotic 
plaques, cerebral artery non-stenotic plaque with ulceration) and paradoxical embo-
lism (i.e. patent foramen ovale, atrial septal defect, pulmonary arteriovenous fi stula) 
[ 36 ]. Accordingly, the well-established TOAST classifi cation has defi ned a stroke 
of unknown origin in the presence of (1) multiple coexisting stroke risk factors 
which unable a physician to make a fi nal diagnosis, (2) of atrial fi brillation accom-
panying ipsilateral carotid stenosis of 50 %, (3) traditional lacunar syndrome accom-
panying ipsilateral carotid stenosis of 50 %, or (4) an extensive investigation that the 
aetiology was undetermined. 

 Unravelling the cause of the stroke remains particularly challenging in younger 
patients (<50–55 years of age) in whom ~40–60 % of strokes are of cryptogenic 
origin [ 49 ]. Recently, data from 15 European stroke centres has demonstrated that 
39.6 % of patients aged 15–49 years had undetermined aetiology of cerebrovascular 
events using TOAST criteria [ 50 ] with increasing prevalence of cryptogenic stroke 
<35 years of age [ 51 ]. Previous studies demonstrated that patients with CS stroke 
display a greater risk for recurrent stroke when compared to stroke caused by large 
artery disease, cardioembolism or small artery disease suggesting that additional 
occlusive artery lesions are likely to be contributing mechanisms of stroke recur-
rence after CS [ 52 ]. Very recently, a population-based study in the UK with 12 years 
of follow-up has investigated the incidence, outcome, risk factors and long-term 
prognosis according to the TOAST classifi cation [ 53 ]. In this study of a total 2555 
patients, 32 % of fi rst ischaemic events were classifi ed as cryptogenic stroke. Death 
or dependency at 6 months after CS was not dissimilar when compared to non- 
cardioembolic stroke. In contrast to other stroke types, patients with CS displayed 
less hypertension, diabetes, peripheral vascular disease, hypercholesterolaemia or 
history of smoking. Additionally, CS bore no excess risk of asymptomatic carotid 
disease or acute coronary events, no further risk of minor risk of echocardiographic 
abnormalities, paroxysmal AF prior to stroke occurrence or new AF after stroke or 
presumed cardioembolic events [ 53 ]. The rate of recurrent stroke in patients with 
cryptogenic stroke may differ between studies as a result of using dissimilar diag-
nosis criteria. Nevertheless, given the global burden attributable to cryptogenic 
stroke, a need to further research on potential causes, treatments and secondary 
prevention is warranted.  
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7.13     Future Directions 

 Prevention of stroke remains a challenging clinical problem. The global burden of 
neurological impairment attributable to stroke, the high risk of recurrence and poor 
prognosis indicate failure of primary and secondary preventions. Given the com-
plexity of heterogeneous and incompletely understood pathophysiology underlying 
stroke, a need to continue with further clinical research to gain a better understand-
ing of risk factors, clinical markers and outcomes associated with specifi c stroke 
subtype clearly exists. In this context, the use of consistent classifi cation with clini-
cal and radiological approaches providing a practical guide to stratify acute stroke 
by subtype, treatment and prognosis across large global trials is justifi ed. Hopefully, 
currently ongoing research on stroke genetics will identify stroke subtype and pre-
dict patient response to therapies and clinical outcomes over the next decade.     
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      Hypertension and Haemorrhagic Stroke                     

       Dagmara     Hering       and     Maciej     Piskunowicz    

8.1           Haemorrhagic Stroke 

 The appropriate identifi cation of stroke-related symptoms and differentiation 
between ischaemic and haemorrhagic stroke subtype at onset of disease is critical in 
providing prompt diagnosis and immediate treatment. While the incidence of haem-
orrhagic stroke is 7–10 times lower when compared to ischaemic subtypes, severity 
and associated increased mortality are greater in haemorrhagic stroke than isch-
aemic stroke [ 1 ,  2 ]. Survival following haemorrhagic stroke is determined by the 
area of brain bleeding and related tissue damage. Subarachnoid haemorrhage (SAH) 
and intracerebral haemorrhage (IH) are the two major types of haemorrhagic stroke. 
SAH refers to bleeding into the subarachnoid space located between the arachnoid 
membrane and pia mater, an area fi lled with cerebrospinal fl uid providing protec-
tion for the brain from injury. Intracranial haemorrhage is the pathological accumu-
lation of blood in the functional tissue, known as brain parenchyma with further 
extension of bleeding into the ventricles known as intracerebral haemorrhage. While 
the underlying pathophysiology, treatment and prognosis depend on the type of 
haemorrhage, if not diagnosed and treated promptly, SAH and IH result in a loss of 
cognitive function and subsequent death. 
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8.1.1     Subarachnoid Haemorrhage 

 With advancements in radiological tools including computed tomography (CT) and 
magnetic resonance imaging (MRI), the detection of unruptured intracranial aneu-
rysms (UIAs) and associated patient outcomes after SAH have improved. The rup-
ture of intracranial (brain) aneurysm (saccular-type aneurysm) is considered the 
leading cause of SAH accounting for 85 % of cases [ 3 ] (Fig.  8.1 ). The remaining 
spontaneous causes of SAH unrelated to saccular aneurysms are non-aneurysmal 
perimesencephalic haemorrhage (~10 %) and rare abnormalities (~5 %) including 
(1) arterial dissection (mostly the vertebral artery), (2) cerebral arteriovenous mal-
formation, (3) dural arteriovenous fi stula, (4) vascular lesion around the spinal cord, 
(5) septic aneurysm, (6) pituitary apoplexy and (7) cocaine abuse.

   Among all attributable risk factors, cigarette smoking, arterial hypertension, 
excessive alcohol consumption and a fi rst-degree relative with history of the condi-
tion are critical in triggering SAH [ 4 ,  5 ]. A recent meta-analysis of a total of 68 
studies from 21 countries has demonstrated that the prevalence of UIAs without 
associated co-morbidities was 3.2 % with an average age of 50 years [ 6 ]. The inci-
dence of UIAS has been grater in patients with autosomal dominant polycystic kid-
ney disease (6.9 %) and positive family history of intracranial aneurysm of SAH 
(3.4 %) with a lower prevalence in the presence of brain tumour (3.6 %), pituitary 
adenoma (2.0 %) or atherosclerosis (1.7 %). A higher prevalence of UIAs has been 
noted in women and subjects older than 50 years. The risk of rupture of UIAs (i.e. 
higher incidence of SAH) was determined by ethnicity (greater in Japan and 
Finland), size (>5 mm) and location (posterior circulation aneurysm) [ 7 ]. 

 Another condition causing cerebral artery damage leading to acute cerebrovas-
cular events, mostly in children, is an inherited form of anaemia known as sickle- 
cell disease (SCD). In this condition, the incidence of stroke subtype is determined 

a b

  Fig. 8.1    Brain CT imaging demonstrating subarachnoid haemorrhage in the central white area ( a ) 
and stretching into the sulci to both sides ( red arrows ) and after neurosurgical clipping of the 
saccular- type aneurysm ( b )       
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by age [ 8 ]. The highest peak of stroke incidence, mostly ischaemic subtype account-
ing for 54 % of acute events, occurs during the fi rst decade and after the age of 30. 
In contrast, the increased prevalence of haemorrhagic stroke in SCD has been 
observed in patients aged 20–29 years and was associated with greater mortality 
when compared to ischaemic stroke [ 8 ]. Silent strokes are not uncommon (10–30 %) 
in SCD resulting in cognitive impairment. While 30 % of patients with SCD and 
SAH are children without an identifi able aneurysm, in adults with SCD, intracranial 
haemorrhage is likely to be intracerebral or SAH secondary to aneurysm [ 9 ].  

8.1.2     Intracerebral Haemorrhage 

 Intracerebral haemorrhage (ICH) accounts for ~10–20 % of all strokes [ 10 ]. The 
prevalence of ICH is more than double when compared to SAH with a comparable 
30-day mortality rate [ 11 ]. A systematic review and meta-analysis of 39 trials con-
ducted over nearly three decades have demonstrated that the incidence of ICH in 
Asians is nearly twofold when compared to other ethnic groups [ 12 ]. This observa-
tion indicates that Asians are prone to developing not only ischaemic stroke under-
lying large artery arteriosclerosis but also ICH stroke type. In general, women 
appear to have a lower incidence of ICH than men [ 12 ]. The pathophysiology of 
ICH is complex involving numerous risk factors and multiple underlying mecha-
nisms. Abundant evidence from clinical studies indicates that hypertension plays a 
causative role in triggering primary ICH [ 13 ] with a history of hypertension found 
in ~90 % of patients demonstrating ICH [ 14 ]. The risk of developing ICH is nearly 
fourfold higher in hypertensive subjects than normotensives and increases with 
blood pressure (BP) levels [ 15 ]. Markedly elevated BP on hospital admission and 
inadequate BP control have adversely contributed to prognosis in hypertensive ICH 
[ 14 ]. In fact, a substantial proportion of haemorrhages are likely to be associated 
with noncompliance to antihypertensive medication in addition to refl ex mecha-
nisms secondary to the increase in intracranial pressure and/or the mass effects pro-
duced by the size of the haematoma. While the clinical symptoms associated with 
ICH depend on size and location, the most common clinical features of intracerebral 
bleeding in hypertensive patients include hemiparesis/hemiplegia (78 %) followed 
by aphasia (60 %) with headache, vomiting (20 %) and seizures (9 %) presenting 
less frequently [ 16 ]. The most common sites of hypertensive haemorrhages are the 
basal ganglia (55 %), thalamus (26 %), cerebral hemispheres (11 %), brainstem 
(8 %) and cerebellum (7 %) [ 16 ]. Although the lobar haematoma is not a typical site 
for hypertensive bleeding, it has been noted in ~30 % of patients [ 17 ]. Across all 
studies, in addition to elevated blood pressure, ageing has been demonstrated as the 
leading unmodifi able risk factor for developing ICH with a nearly tenfold increase 
in octogenarians when compared to middle-aged subjects [ 12 ]. Additionally, risk 
factors including cigarette smoking and alcohol intake have been directly related to 
an increased risk of ICH in the recent INTERSTROKE study [ 13 ]. 

 Cerebral amyloid angiopathy (CCA) is another condition contributing critically 
to ICH, a commonly found pathological accumulation of β-amyloid in the media 
and adventitia of small arteries of the leptomeninges and cerebral cortex causing 
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cognitive dysfunction in the elderly [ 18 ]. Approximately 50 % of primary lobar ICH 
has been linked to CAA [ 19 ]. The remaining risk factors for ICH include intracra-
nial vascular malformation, diabetes mellitus, anticoagulant use (i.e. warfarin, aspi-
rin) and genetic predisposition [ 20 ]. 

 In this context, it is noteworthy to mention that cerebral microbleeds are indica-
tive of cerebral small vessel disease caused by leakage of blood vessels resulting in 
accumulation of blood in the brain tissue (Fig.  8.2 ). While brain microbleeds can 
occur in the healthy population, mostly in the elderly accounting for ~5 %, they have 
a higher prevalence in ischaemic stroke of ~30 % and non-traumatic ICH of ~60 % 
[ 21 ]. In terms of location, lobar microbleeds have been linked to CAA and deep 
microbleeds to hypertensive vasculopathy [ 22 ]. Moreover, brain microbleeds are 
commonly found in patients with hypertension without a history of cerebrovascular 
disease and have been independently related to ambulatory BP levels [ 21 ,  23 ]. 
Findings linking the prognostic signifi cance of microbleeds to the risk of recurrent 
ICH appear to be of clinical relevance [ 18 ,  24 ]. Whether cerebral microbleeds 
should be considered a marker of hypertension-induced organ damage or a potential 
indicator for developing ICH merits further investigation.

8.2         Haemorrhagic Transformation of Ischaemic Stroke 

 Haemorrhage transformation (HT) is haemorrhage secondary to ischaemic stroke 
and affects ~9 % of patients with prognosis depending of the type of HT. HT has 
been reported as a complication following thrombolytic therapy in acute ischaemic 

a b

  Fig. 8.2    Brain MRI of two microbleeding foci ( a ) SWI sequence ( red arrows ) with corresponding 
MRI SWI-Pha sequence ( b )       
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stroke or natural evolution of a cerebral infarction [ 25 ] (Fig.  8.3 ). Based on CT 
imaging, HT is divided into two major types including haemorrhagic infarction 
(HI) and parenchymal haematoma (PH). HI is defi ned as a heterogeneous hyper-
density surrounding a zone of ischaemic infarction with the two following sub-
types: HI-1 referring to scattered petechiae alongside the infarct zone and HI-2 
refl ecting more condensed petechiae throughout the infarct zone. In contrast to HI, 
PH is associated with the so-called mass effect with type PH-1 defi ned as homog-
enous hyperdensity haematoma of less than 30 % of the infarct area with mild mass 
effect and type PH-2 with haematoma >30 % of the ischaemic zone with a signifi -
cant space occupying effect. HI occurs in ~5.5 % of patients and appears to have 
better outcomes than PH which affects ~3.2 % of patients and is associated with 
increased risk of death [ 26 ]. Among all HT types, only PH-2 has been shown to 
independently predict neurological complication and worsening prognosis [ 27 ]. 
While HT is not an uncommon fi nding in patients with acute ischaemic stroke 
treated with thrombolysis (i.e. tissue plasminogen activator, rtPA), this therapy 
results in favourable early outcomes [ 28 ].

   Although the mechanisms underlying HT are not completely understood, several 
factors and predictors have been shown to infl uence the prevalence of HT. Massive 
cerebral infarction is one of the major risks for the development of HT with the 
infarction area strongly related to the incidence of HT. Atrial fi brillation, cerebral 
embolisms, hyperglycaemia and thrombolytic therapy have been found to predict 
HT, mainly PH [ 26 ].  

a b

  Fig. 8.3    CT scan of the haemorrhage transformation of acute ischaemic stroke following 
thrombolytic therapy. Imaging following 4 h thrombolytic systemic treatment ( a ) – intracra-
nial haematoma ( red arrows ). CT imaging in the same patient 21 h after thrombolytic therapy 
( b ) demonstrating intracranial haematoma ( short arrows ) and a wide area of ischaemic infarc-
tion ( long red arrows )       
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8.3     Future Directions 

 As the global burden of hypertension grows, the incidence of haemorrhagic stroke 
is likely to rise even further. Despite newer diagnostic and therapeutic approaches in 
patient management, the prognosis of patients with haemorrhagic stroke remains 
very poor. The high mortality rate among stroke patients indicates the need for co- 
ordinated and effective multidisciplinary care to ensure accurate recognition, qual-
ity patient outcomes and secondary prevention. While multiple causative factors are 
implicated in this condition, it appears rational that lowering BP and improving 
adherence to medication can substantially reduce the risk of haemorrhagic stroke. 
The increasing use of anticoagulants in the cardiovascular setting merits further 
research aimed at prevention and minimization of risk associated with haemor-
rhagic drug-related complications.     
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  9      Imaging Techniques for the Detection 
and Diagnosis of Brain Damage 
in Hypertension                     
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9.1           Introduction 

 Hypertension is the major causal factor of neurovascular pathology. Changes in the 
brain are heterogeneous and arise from both vascular and parenchymal lesions. 
These include large vessel and small vessel ischaemic infarctions, macrohaemor-
rhages and microbleeds (MBs) as well as vascular and parenchymal brain altera-
tions leading to cerebral tissue disintegration and secondary effects on brain 
metabolism and function [ 1 ].  

9.2     Hypertension and Large Artery Disease 

 Large artery disease is associated with both ischaemic and haemorrhagic stroke 
subtypes. The former comprises cortical and subcortical infarctions of the territorial 
or, less frequently, the watershed type. The latter results in bleeding into the brain 
parenchyma and subarachnoid space. It is estimated that large artery atherosclero-
sis, resulting in distal thromboembolism with or without steno-occlusion, is respon-
sible for nearly half of all ischaemic strokes. Many cases of large vessel disease with 
ischaemic stroke are of the embolic type. The most common factors are atrial fi bril-
lation, other cardiac structural or functional abnormalities and local arterial wall 
disease. 
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 The main locations of large artery atherosclerosis are the arterial bifurcations and 
 ostia  as well as any irregularities of vessel walls. The carotid sinus, carotid siphon 
and carotid and vertebral ostium are the most frequent extracranial sites. The basilar 
artery, middle cerebral artery (MCA) and anterior inferior cerebellar artery are the 
most frequent intracranial sites of atherosclerosis in hypertensive patients with isch-
aemic stroke. 

 Many other vascular and non-vascular factors affect the defi nitive cerebral infarc-
tion pattern, which depends on the timing and location of steno-occlusion and 
recanalization, the size of the thrombus, the capacity of collateral fl ow and the meta-
bolic state of brain tissue. 

9.2.1     Patterns of Radiological Findings of Ischaemic Stroke: 
Computed Tomography (CT) and Magnetic Resonance 
Imaging (MRI) Findings 

 Radiological imaging of ischaemic stroke depends mostly on the duration and ana-
tomical extension of the restricted blood fl ow area (level and diameter of occluded 
artery). Stroke classifi cation is based upon the duration of clinical symptoms:

•    Hyperacute stage: less than 6 h  
•   Acute stage: 8 to 24 h  
•   Subacute stage: 2 days to 1 week  
•   Chronic stage: 8 days to 3 months    

 However, there are various time frames for each stage, and it is not necessary to 
treat them as irreplaceable. Specialists should choose and follow the one they con-
sider most suitable. 

 The most frequently used imaging method in stroke diagnosis is computed 
tomography (CT). Pathological alternations observed in the ischaemic variants are 
dynamic and time dependent. CT is a reliable tool for subtype differentiation, espe-
cially in the exclusion of intracranial haemorrhage. 

9.2.1.1     CT Imaging in the Hyperacute Stage (0–6 h) 
 Within the fi rst minutes of ischaemia, rising lactic acid levels and the failure of cel-
lular membrane ion pumps result in the redistribution of water from extracellular to 
intracellular spaces. Radiologists can measure these changes by delineating the fi eld 
of cytotoxic oedema, which may reduce brain tissue radiodensity on CT scans. 
Ischaemic foci become hypodense compared to normal white and grey matter due 
to increased water uptake. The radiodensity of the ischaemic fi eld theoretically 
decreases by 2 Hounsfi eld units (HU) every 2.5 h during stroke evolution, but these 
discrepancies may be imperceptible to inexperienced observers [ 2 ,  3 ]. 

 In the fi rst 6 h of ischaemic stroke, brain CT images seem to be unaffected in 
about 50 % of cases [ 3 ], and therefore, the negative predictive value is low (27 %) 
[ 4 ]. In the European Cooperative Acute Stroke Study, the sensitivity of CT during 
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the fi rst 6 h of cerebral ischaemia reached 64 %, with an accuracy of 67 % [ 5 ]. 
Blockage of the proximal M1 segment of the MCA causes abnormal CT fi ndings 
within 3 h in 75 % of cases [ 6 ]. On the other hand, in the case of lacunar infarction, 
there is only a 50 % chance of a confi rmed diagnosis within 48 h [ 4 ]. Therefore, the 
lack of radiological manifestations in early CT studies does not exclude stroke [ 7 ]. 

 Hyperacute stroke syndromes usually appear in the MCA, the most common 
stroke localization. The signs include loss of the insular ribbon, obscuration of the 
lentiform nucleus, loss of grey-white matter differentiation, sulci effacement and a 
hyperdense MCA sign [ 8 ]. All are considered as indirect ischaemic symptoms on 
CT imaging. Cytotoxic oedema of the insular cortex, which is susceptible to early 
and irreversible ischaemic damage, generates local hypo-attenuation, which results 
in the so-called insular ribbon sign (Fig.  9.1 ). Lack of fl ow to the lenticulostriate 
arteries causes cytotoxic oedema in the basal ganglia. The associated radiological 
fi nding is known as obscuration of the lentiform nucleus (Fig.  9.1 ). This phenome-
non is due to occlusion of the MCA proximal M1 segment and can be seen as early 
as one hour post onset.

   In the healthy brain, white matter is more hypodense than the cerebral cortex. 
Developing oedema attenuates this physiological contrast (‘loss of grey-white mat-
ter differentiation’). A hyperdense MCA sign (Fig.  9.2 ) is an indirect marker of 
proximal thromboembolism within the MCA (M1 segment) and may be an early 
indicator of acute infarction. The high density is probably caused by impaired blood 
fl ow in the vicinity of the intraluminal clot (with an attenuation value of 60–90 HU). 
This sign has a high specifi city (~100 %) but low sensitivity (17–50 %) [ 9 ,  10 ]. 

a b

  Fig. 9.1    ( a ,  b ) Unenhanced CT images show hypodensity and obscuration of the right lentiform 
nucleus, which appears abnormal in comparison with the left lentiform nucleus. Additionally, 
these scans demonstrate the loss of grey-white matter differentiation in medial margins of the right 
insula (insular ribbon sign)       
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The differential diagnosis includes high haematocrit values and vessel wall calcifi -
cations, both of which ought to be apparent bilaterally.

   Hyperdensity seen in the M2 or M3 MCA branches within the lateral sulcus is 
known as the MCA dot sign and indicates ischaemia affecting the insula and adja-
cent cortex. A mass effect, including swelling of the gyri, sulci contraction and 
effacement of the border between the cortex and white matter, is observed in brain 
infarctions regardless of stroke localization (Fig.  9.3 ). The more the brain tissue 
is affected, the more distinctive the changes. Other large vessels closed by emboli 
may also have elevated density, analogically to the hyperdense MCA sign. Classic 
magnetic resonance imaging (MRI) shows similar alterations in spin-echo T1, T2 
and PD-weighted images with arterial blood fl ow restriction. Acquiring clinical 
patient information and modifying the CT window presets may further facilitate a 
correct diagnosis.

9.2.1.2        CT Angiography and MR Angiography in the Hyperacute 
Stage (0–6 h) 

 CT angiography (CTA) demonstrates disruption of vessel continuity in the presence 
of emboli. CTA performed after intravenous contrast agent injection is the diagnos-
tic study of choice in assessing the large cervical and intracranial arteries (Fig.  9.4 ). 
Cerebral angiography should cover arteries superior to the aortic arch. It identifi es 
large vessel obstruction with a sensitivity of up to 100 % (Nguyen-Huynh et al. 
2008) and is a very appropriate method of predicting the extent and location of 

  Fig. 9.2    Unenhanced CT 
image shows 
hyperattenuation in the 
proximal M1 segment of 
the left MCA (the 
hyperdense middle 
cerebral artery 
sign –  arrow )       
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ischaemic stroke and provides treatment guidance. CTA may be performed imme-
diately after unenhanced CT, anticipating decisions on invasive thrombectomy. 
CTA allows better identifi cation of vessel stenosis and vessel thrombi than non- 
contrast MR angiography (MRA).

  Fig. 9.3    Unenhanced CT 
scan shows typical 
radiological fi ndings of 
acute infarction in the left 
occipital lobe: discrete 
hypodense area, swelling 
of gyri, sulci contraction 
and effacement of the 
border between the cortex 
and white matter       

  Fig. 9.4    CT angiography 
(maximum intensity 
projection (MIP) 
reconstruction) 
demonstrates the presence 
of an embolus in the right 
internal cerebral artery 
bifurcation and lack of 
fl ow in both proximal AI 
segments of ACA and M1 
of the MCA. Distal AI 
segment of the right ACA 
is fi lled by the anterior 
communicating artery and 
contralateral 
ACA. Collateral vessels 
are not seen in the right 
hemisphere       
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   MRA without a contrast agent usually utilizes the time-of-fl ight (TOF) method 
(Fig.  9.5 ). TOF exploits differences in magnetization of stationary spins and spins 
fl owing into the imaging slice with circulating blood. The signal from static tissues 
is suppressed, whereas patent vessels maintain high intensity. The data acquired is 
used for 2D and 3D reconstructions. A drawback of this technique is blood velocity 
dependency – with decreased blood fl ow, the signal from the vessel is so weak that 
it is often impossible to differentiate signifi cant stenosis from total occlusion. 
Therefore, time-of-fl ight magnetic resonance angiography (TOF MRA) may be 
useful in the evaluation of proximal vessel occlusions but is not suitable for identi-
fi cation of more distal ones. Remonda et al. [ 11 ] stated that contrast-enhanced MRA 
is not bounded by this restriction and its results are comparable to digital subtraction 
angiography (DSA), the actual reference standard, in 86 % of cases [ 12 ]. CTA and 
contrast-enhanced MRA can also provide a relevant overview of collateral fl ow, 
including leptomeningeal collaterals around the ischaemic area. This information 
may be valuable in predicting acute stroke outcomes [ 13 – 15 ].

9.2.1.3        Perfusion CT and Perfusion MR in the Hyperacute Stage 
(0–6 h) 

 The term ‘cerebral perfusion’ implies a quantitative description of tissue-level blood 
fl ow to the brain by colour-coded perfusion maps. The most important parameters 
measured are cerebral blood volume (CBV), cerebral blood fl ow (CBF) and mean 
transit time (MTT) [ 6 ]. Both perfusion CT and perfusion MR may be used. Tissue 
perfusion imaging enables evaluation of contrasted blood fl ow in the capillary bed, 
exposing early defi cits in stroke location. 

 Perfusion CT adopts continuous imaging over a selected tissue slab during the 
administration of a high-fl ow contrast medium bolus. The most popular perfusion 
MRI technique is dynamic susceptibility contrast-enhanced magnetic resonance 
imaging (DSC-MRI), involving the use of a gadolinium-based contrast medium. 
Perfusion MR reveals gadolinium-induced tissue signal changes in T 2 *-weighted 

  Fig. 9.5    MR angiography 
obtained by the TOF 
method shows lack of fl ow 
in the distal M1 segment of 
the right MCA       
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images that occur in the fi rst 45–50 s after contrast administration. The main pur-
pose of perfusion imaging is to diagnose infarction and show the proportions 
between the infarct core (irreversible brain tissue) and tissue at risk (surrounding 
brain parenchyma – potentially viable if reperfused). In the stroke area, relative 
decreases in CBV and CBF, as well as MTT elongation, are noted.  

9.2.1.4     Diffusion-Weighted Imaging in the Hyperacute Stage (0–6 h) 
 Diffusion-weighted imaging (DWI) is a widely used MRI technique and has revolu-
tionized the diagnosis of acute ischaemic stroke by identifying cytotoxic oedema 
within a few minutes of symptom onset [ 16 ] at a time when CT scans still appear 
normal. The sensitivity of ischaemia detection in MR vs. CT imaging within 6 h of 
onset is 81–91 % vs. 61 % [ 17 ,  18 ]. Infarction in the hyperacute stage is probably 
partially reversible. DWI may be falsely negative in very early stroke and in patients 
with small subcortical or vertebrobasilar infarctions. 

 Ischaemia leads to the shift of water from the extracellular into the intracellular 
compartment (cytotoxic oedema) and extracellular space reduction, restricting 
Brownian motion and decreasing the diffusivity of water molecules (Fig.  9.6 ). 
These changes produce a high-intensity signal on DWI and a low-intensity signal on 
apparent diffusion coeffi cient (ADC) maps, which are typical for cytotoxic oedema 
(Fig.  9.7 ). Ultrafast imaging protocols combining DWI, fl uid-attenuated inversion 
recovery (FLAIR) and susceptibility-weighted imaging (SWI) can diagnose hyper-
acute/acute ischaemic stroke and exclude acute haemorrhage and stroke mimickers 
in the emergency room [ 18 ,  19 ]. Patients with ischaemic stroke who have intracra-
nial haemorrhage excluded during the fi rst 4½ h of the hyperacute stage qualify for 
intravenous thrombolytic therapy. DWI is considered the most suitable method for 
identifying suitable candidates.

a b

  Fig. 9.6    ( a ,  b ) Hyperacute infarction in the right PCA territory. Diffusion-weighted MR image ( a ) 
and ADC map ( b ) show the area of restricted diffusion due to cytotoxic oedema       
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    CT in the hyperacute stage of ischaemic stroke does not allow infarct core assess-
ment. However, a hyperdense MCA sign documented by CT is highly predictive of 
fatal clinical outcomes [ 20 ]. Even so, it remains very diffi cult to defi ne the infarct 
core and tissue at risk using current imaging techniques. 

 The core area of irreversibly infarcted cells is surrounded by a zone of isch-
aemic but salvageable tissue. The region of CT-CBV and MR-DWI abnormali-
ties is supposed to represent the infarct core. The mismatch between CBV/DWI 
and MTT/CBF maps shows the area that might be salvageable by immediate 
reperfusion (Figs.  9.8  and  9.9 ). However, randomized controlled trials and 
meta-analyses of reperfusion therapy have demonstrated no benefi ts in patients 
selected on the basis of such criteria [ 21 ]. Both methods are highly sensitive in 
identifying hypoperfused tissue, but not specifi c enough for reliable detection of 
the tissue at risk.

a b c

  Fig. 9.7    ( a – c ) Large hyperacute infarction in the right MCA and PCA territories. CT scan shows 
no pathological changes ( a ). Diffusion-weighted MR image ( b ) shows the area of high signal 
intensity in the right hemisphere except for the medial part of the frontal lobe. ADC map ( c ) shows 
decreased ADC values in the same area. These fi ndings are indicative of acute infarction       

a b c

  Fig. 9.8    ( a – c ) The same patient as in Fig.  9.6a . b. Perfusion MR images of the hyperacute stage 
of infarction in the right PCA territory. CBV map ( a ) and CBF map ( b ) show the decrease in perfu-
sion in the cortex and subcortical white matter of the right occipital lobe. The MTT map (Fig.  9.9c ) 
shows the increase in perfusion in the right occipital lobe       
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    Increasing attention is being paid to the signifi cance of baseline DWI lesion vol-
ume, which is a poor outcome predictor in acute anterior territory stroke [ 13 – 15 ,  18 ,  22 ]. 
Large DWI lesion volume may be used as an exclusion criterion for thrombolytic 
therapy.  

9.2.1.5     Imaging in the Acute Stage of Ischaemic Stroke (6–24 h) 
 Ischaemic stroke is a dynamic process. During the acute stage, the zone of cytotoxic 
oedema increases. Oxygen-free radical production and enzyme activation lead to 
cell membrane damage and cause neuronal and glial cell death [ 7 ]. Increased tissue 
water content results in hyperintensity on FLAIR sequence and T2-weighted MR 
images (Fig.  9.10 ).

   The mass effect, in the form of cortex gyri thickening and sulci narrowing, 
advances further, becoming easier to discern in CT images as a growing 
hypodense area. Cytotoxic oedema in the infarct core causes an increase in the 
DWI signal, with a consequent drop in ADC map values. It is most prominent 

a b c

  Fig. 9.9    ( a – c ) Perfusion CT scans of hyperacute infarction in the right PCA territory. The CBV 
map ( a ) and CBF map ( b ) show the decrease in perfusion in the cortex and subcortical white matter 
of the right occipital lobe. The MTT map ( c ) shows the increase in perfusion in the right occipital 
lobe. The CBV map ( a ) theoretically represents the infarct core       

a b c

  Fig. 9.10    The acute stage of deep striato-capsular infarction. The T2-weighted MR image ( a ) 
shows the hyperintense area in the left basal ganglia. The diffusion-weighted image ( b ) and ADC 
map ( c ) show the restriction in diffusion in this area defi ned as the infarction       
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2–3 days after the incident and lasts for 1–3 weeks, depending on individual 
innate repair capabilities [ 16 ]. 

 A high FLAIR signal is apparent at the beginning of the acute phase (about 6 h 
from onset), while in T2-weighted images, it stays isodense for the next 2–4 h. The 
mismatch in DWI and FLAIR images can be used to approximate symptom onset if 
the patient remains asleep or in coma. In this way, it broadens the opportunities for 
thrombolytic intervention. When DWI fi ndings are positive and FLAIR negative 
(Fig.  9.11 ), there is a strong likelihood that the stroke is <6 h old [ 23 ,  24 ]. 
Haemorrhagic transformation due to secondary bleeding into reperfused ischaemic 
tissue hardly ever occurs in the fi rst 24 h.

9.2.1.6        Imaging in the Subacute Stage of Ischaemic Stroke 
(2 Days–1 Week) 

 The blood-brain barrier (BBB) disruption and damage to cell membranes cause an 
increase in vasogenic oedema, with a maximum between the second and third days 
[ 7 ]. In the subacute stage, all acute radiological signs are still visible: a hypodense 
area in CT studies (Fig.  9.12a ); the mass effect; an elevated signal in PD, T2-weighted 
and FLAIR MRI sequences; diffusion restriction in DWI studies and ADC maps; 
and vessel occlusion (Fig.  9.13a–c ).

    The signal intensity in the ischaemic tissue remains increased on DWI maps for 
almost 5–7 days and may decrease thereafter. The highest reduction in ADC values 
is noted around the second and third days. It increases thereafter, returning to nor-
mal after 1–3 weeks. To sum up, low signal intensity on ADC maps means that the 
stroke is <1 week old. 

 Intravenous contrast agents in stroke imaging are used mainly for angiographic 
and perfusion CT/MR image acquisition, although they can also help to assess 
parenchymal enhancement – a consequence of acidosis that follows luxury perfu-
sion. The largest effect is seen between the third day and the third week after stroke 
(Fig.  9.13d–f ); it disappears after 3 months (so-called rule of three). 

 Haemorrhagic transformation takes place in 15–45 % of ischaemic stroke cases, 
usually between 24 and 48 h after onset. It is detected as low signal foci on T2, T2* 

a b c

  Fig. 9.11    Hyperacute stroke of the posterior circulation. The FLAIR image ( a ) shows no patho-
logical changes. Diffusion-weighted MR image ( b ) shows areas of increased signal intensity in the 
right thalamus and bilateral occipital lobes. The ADC map ( c ) confi rms the restriction in diffusion 
typical of infarction       
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and SW images. In T2-weighted pictures, it is surrounded by a hyperintense isch-
aemic zone [ 7 ]. The severity of secondary haemorrhage varies between microbleed-
ing and a large haematoma. It is probably due to vascular injury, reperfusion or 
altered permeability. The hyperdense MCA sign on CT scans is associated with a 
higher risk of haemorrhagic transformation.  

9.2.1.7     Imaging in the Chronic Stage of Ischaemic Stroke 
(8 Days to 3 Months) 

 The mass effect and vasogenic oedema begin to diminish within 7–10 days, and res-
toration of the BBB can be observed from the third week (Fig.  9.14 ) [ 7 ]. In T2-weighted 
and FLAIR images, a hyperintense focus including the infarct area still appears, but 
decreases every week and usually involves a smaller area than in the primary exami-
nation. Arteries that have not been recanalized remain hyperintense.

   Typically, the DWI signal is gradually reduced, and this correlates with the 
normalization of the signal on the ADC maps. Signal normalization is a transi-
tional process and is followed by an increased signal on the ADC map in the 
area of infarct. This is due to the pathophysiology of the stroke and the transfor-
mation from cytotoxic and vasogenic oedema to necrosis (the breakdown of the 
cell membranes results in a volume increase in the extracellular space and increased 
ADC value) [ 4 ,  16 ]. In the next few weeks, a glial scar (gliosis) is formed and 
necrotic tissue is cleaned, which causes local brain atrophy, cavity formation 
and ex vacuo dilatation of the adjacent ventricle [ 7 ]. Cavity areas have a typical 
fl uid signal intensity – low in T1-weighted and FLAIR images and high in 
T2-weighted images, with a visible, hyperintense zone of gliosis in T2-weighted 

a b

  Fig. 9.12    Evolution of the lesion in ischaemic stroke in the territory of the left MCA. CT scan 
shows hypodense lesion in the left temporal lobe indicating the subacute stage of infarction ( a ). CT 
image at 3 months ( b ) shows the reduction in the size of the lesion, cavity formation, local brain 
atrophy and ex vacuo dilatation of the left lateral ventricle       
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and FLAIR images in this area (Fig.  9.13d–f ). Similar fi ndings can be observed 
in CT studies (Fig.  9.12b ). 

 In T1-weighted and FLAIR images, the brain cortex may be hyperintense due to 
hypoperfusion and hypoxia when it comes to formation of cortical laminar necrosis 
(pseudolaminar c.n.). A high signal on T1-weighted images is also a feature of the 
presence of methaemoglobin after secondary haemorrhagic stroke. If there is diffi -
culty in differentiating between past bleeding and laminar necrosis, the diagnosis is 
based on the SWI sequence, which shows the presence of breakdown products of 
haemoglobin. Calcifi cation, as well as deposition of blood products (hemosiderin), 
may be also seen on SWI and gradient-echo sequence (GRE) sequences [ 25 ].   

9.2.2     Territorial Infarctions 

 Territorial infarctions happen in the range of blood supply of the large cerebral ves-
sels. The MCA territory is the most common site of infarction, due to the direct fl ow 
from the internal carotid artery (ICA) into the MCA, which provides the easiest path 

a b c

d e f

  Fig. 9.13    ( a – f ) Evolution of the lesion in ischaemic stroke in the territory of the right PCA. The 
same patient as in the Figs.  9.6  and  9.8 . FLAIR and diffusion-weighted MR images ( a ,  b ) on the 
fi fth day after stroke show a hyperintense lesion in the right occipital lobe indicating the subacute 
stage of infarction. Normalization of the lesion signal intensity on the ADC map is shown ( c ). 
FLAIR image 3 months after stroke shows gliosis and cortex atrophy in the post-infarction area 
( d ). The lesion is signifi cantly smaller than 3 months earlier (in comparison with  a ). Normalization 
of the lesion signal intensity on diffusion-weighted image is shown ( e ). The ADC map shows free 
diffusion in the post-infarction area ( f )       
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for thromboembolism. The most extensive attacks are the result of proximal part 
closure of M1 and the lack of effi cient collateral circulation (Fig.  9.4 ). Closure of 
the distal part of M1, except the lenticulostriate branches, leads to cortico- subcortical 
infarcts sparing the basal ganglia and internal capsule [ 3 ]. Strokes may present a 
variable clinical picture depending on the effi ciency of the collateral circulation and 
spared cortex areas. Ischaemia of the insula is found in 50 % of non-lacunar stroke 
cases in the MCA basin [ 8 ]. 

 Basilar or vertebral artery occlusion is the second most common territorial infarc-
tion (Fig.  9.11 ) [ 26 ]. Posterior cerebral artery (PCA) infarction may sometimes lead 
to isolated contralateral thalamic syndrome. Basilar artery occlusion is usually associ-
ated with dramatic clinical brainstem symptoms. Cerebellar symptoms appear when a 
cerebellar artery, for example, the posterior inferior cerebellar artery (PICA), is closed. 

 Anterior cerebral artery (ACA) territory infarcts are less common due to collat-
eral fl ow via the anterior communicating artery and the contralateral A1 segment of 
the anterior cerebral artery.  

9.2.3     Subterritorial Infarctions 

 There are two subterritorial infarction subtypes: cortical and deep. The fi rst is a 
consequence of the closure of the M2, M3 or M4 MCA branches. The upper 
branches of M2 occlusion usually occur due to a cardio-embolic mechanism 

  Fig. 9.14    Contrast- 
enhanced T1-weighted MR 
image shows enhancement 
of the infarct area due to 
blood-brain barrier damage       
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(less often thromboembolic events) and cause extensive stroke of the fronto-
parietal area including the pre- and postcentral gyri [ 3 ,  4 ]. Ischaemia in the fi eld 
of the lower branch of M2 territory is generally caused by cardiogenic embolism 
and includes the parietal and temporal lobes. Cortical ischaemic stroke from the 
M3 and M4 territory is caused by arterio-arterial or cardiogenic embolism. 

 Deep striato-capsular infarctions belong to the group of deep subterritorial 
infarctions and are the result of closure of the deep branches of the striato-cap-
sular arteries arising from the MCA or lack of fl ow in many perforating branches 
(Figs.  9.10  and  9.15 ). The anatomy of these vessels is very variable, with 6–7 
deep arteries forming over 20 perforating arteries. Deep striato-capsular infarc-
tions are larger than 20 mm, and the lacunar strokes observed due to the closure 
of a single perforating artery are usually smaller than 15 mm.

   It is diffi cult to differentiate between the aetiology of embolic and thrombotic 
stroke. However, typical imaging fi ndings in embolisms are multiple, smaller 
subcortical strokes in the supra- and infratentorial compartments, multiple vas-
cular distribution and a haemorrhagic component at presentation [ 7 ].  

9.2.4     Border-Zone Infarction 

 Border-zone infarctions (watershed) are classifi ed into cortical watershed infarcts 
and internal (subcortical) watershed infarcts. In the fi rst type, ischaemic changes are 
visible in the anterior or posterior part of the cerebral cortex at the junction of the 

  Fig. 9.15    Deep subacute 
striato-capsular infarction 
in a patient with 
hypertension. CT scan 
shows leukoaraiosis and a 
hypodense area in the left 
basal ganglia, indicating 
infarction       
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distal fi elds of two different major cerebral arteries between the MCA and ACA or 
the MCA and PCA [ 7 ]. In the posterior fossa, similar changes are also observed 
between the posteroinferior cerebellar artery and the superior cerebellar artery. 

 Deep internal (subcortical) watershed infarct relates to white matter above the 
area of the basal ganglia – at the border zones of the territories of the superfi cial and 
deep MCA branches and the deeper frontal lobe white matter on the border zones of 
the ACA and MCA territories. This type is caused by ischaemia, severe systemic 
hypotension and prolonged hypoxemia. On the basis of MR imaging, especially 
FLAIR and DWI sequences, internal watershed infarction can be assessed as con-
fl uent when multiple, unilateral lesions run parallel to the lateral ventricle (Fig.  9.16 ).

   Watershed infarctions may occur bilaterally when peripheral tissue perfusion 
decreases secondary to generalized disruption in CBF due to haemodynamic mech-
anisms. It is observed most frequently in the course of cardiac arrest, extensive 
bleeding, anaphylactic shock or surgery under general anaesthesia. It usually occurs 
on one side – for example, obstruction or stenosis of the internal carotid artery or 
when the collateral circulation of the circle of Willis becomes ineffi cient, with a 
drop in systolic pressure. In these cases, CT angiography is appropriate to assess the 
carotid arteries and circle of Willis, as well as ‘misery perfusion’. 

 In the DWI sequence and, over time, in FLAIR and T2-weighted images, the ‘string 
of beads’ symptom can be seen − minor ischaemic lesions diffused on the border zones 
of the ACA, MCA and PCA territories. In hyperacute and acute stages of watershed 
infarct, DWI is very sensitive in diagnosing both cortical and internal lesions.  

  Fig. 9.16    Diffusion- 
weighted image shows 
hyperintense lesions in the 
right middle cerebral 
internal watershed territory 
indicating the acute stage 
of infarction       
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9.2.5     Diffusion Tensor Imaging in Stroke 

 There are many studies on the use of diffusion tensor imaging (DTI) in patients with 
stroke. DTI is a powerful tool for the assessment of the organization of white matter 
fi bres and brain connectivity. The orientation of white matter is due to myelin and 
axonal membranes. When diffusion is anisotropic, its motion can be described using 
DTI. Quantitative analysis of nerve fi bres is made by using a fractional anisotropy 
(FA) parameter, which has a range of 0 to 1.0. If diffusion is only in one direction, 
the FA value is closer to 1.0. An FA ratio of 0 indicates isotropic diffusion (i.e. uni-
form in all directions). Damage and deterioration of the white matter tract result in 
a decreased FA value. The parallel and perpendicular diffusivity describes the 
movement of water molecules in one plane. Axial diffusivity (AD) is used to assess 
axonal injury, while perpendicular diffusivity, radial diffusivity (RD), is a marker of 
myelin damage, which permits its integrity to be evaluated. 

 Mukherjee et al. [ 27 ] found that after stroke, diffusion was signifi cantly 
reduced in white matter but only slightly in grey matter. White matter damage 
DTI assessment after stroke may be a severity marker of neurological defi cits. 
Mainzer’s research [ 28 ] on the integrity of the hippocampus and the surrounding 
white matter showed a clear correlation between the loss of speech and the loss of 
blood supply to the temporal lobe and parts of the hippocampus following MCA 
stroke. They also showed that stroke patients’ success in speech rehabilitation was 
connected with microstructure maintenance in and around the hippocampus. 

 The experience of other teams [ 29 ] who used DTI in stroke patients to study con-
nectivity between brain regions suggests that patients with stroke suffer from dam-
age to nerve fi bres, not only in areas of ischaemic focus but also in the contralesional 
hemisphere: this could be due to degeneration of fi bre pathways directly or indi-
rectly connected to the area of primary damage stroke. A similar mechanism prob-
ably leads to corticospinal tract degeneration in patients with only hemispheric 
infarction. DTI has been used successfully to monitor the rehabilitation of patients 
after extensive stroke and to assess brain neuroplasticity and to predict functional 
outcomes in stroke survivors.  

9.2.6     Proton Spectroscopy 

 Magnetic resonance spectroscopy (MRS) is not a standard method of stroke evalu-
ation. It can be used to differentiate brain tumours with atypical ischaemia. The 
proton spectroscopy spectrum consists of peaks representing concentrations of the 
following compounds: N-acetyl-aspartate; creatine and creatine phosphate; com-
pounds containing a group of choline, inositol, lipids, lactate, glutamine and gluta-
mate; GABA; and glucose. The concentration of each of these compounds can be 
regarded as a refl ection of certain biochemical processes. MRS may provide infor-
mation about metabolic changes that may occur before the onset of changes seen on 
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FLAIR and T2-weighted MR images. Lactate (LAC) – a product of anaerobic gly-
colysis – is an indicator of ischaemia in the acute phase of ischaemic stroke 
(Fig.  9.17 ). In the early stages of stroke, there is also a reduction in the level of a 
neuronal marker, N-acetyl-aspartate (NAA), while as cell membrane dissolution 
proceeds, there is an increase in a cell membrane marker − choline (Cho) [ 30 ].

a

b

c

  Fig. 9.17    ( a – c ) Single-voxel proton MR spectroscopy of the right basal ganglia without patho-
logical changes ( a ) and MRS of the left basal ganglia 5 days after ischaemic stroke onset ( b ). In 
the ischaemic region, the lactate (LAC) peak is signifi cantly higher with a larger area (1.33 ppm), 
while the NAA peak is lower with a smaller area (2.02 ppm) ( b ) in comparison with normal basal 
ganglia ( a ). The voxel placement in the left basal ganglia is seen in 3-plane MR images ( c )       
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9.2.7        Radioisotope Methods 

 Artery occlusion leads to the disruption of haemodynamic parameters, which can be 
demonstrated in nuclear imaging examination. Decreased blood fl ow or lack of 
blood fl ow in cerebral vessels is measured by two parameters: regional CBF (rCBF) 
and mean transit time (MTT), which allow accurate assessment of the area impaired 
blood perfusion of the brain tissue. Additionally, certain metabolic parameters of 
nervous tissue can be defi ned by using the oxygen isotope O-15 in inhaled gas, 
carbon dioxide or an aqueous spray. These include the measurement of the cerebral 
oxygen extraction fraction (OEF) and local oxygen consumption (cerebral meta-
bolic rate for oxygen, CMRO). Haemodynamic parameters are most commonly 
assessed by single-photon emission tomography (SPECT) radiotracers containing 
Tc-99 m (for instance, hexa-methyl-propyleneamine-oxime, HMPAO; ethyl- 
cysteinate dimer, ECD) or positron emission tomography (PET), which can also 
measure metabolic changes. The results are displayed as colour parametric images 
in the selected section planes. The fusion of functional parametric images obtained 
in this way with morphological images of the same layer is frequently used. Studies 
of ischaemia dynamics, metabolic disorders in the focal hypoperfusion ‘penumbra’ 
area and interhemispheric diaschisis areas show that SPECT and PET are interest-
ing from the point of view of early diagnosis of stroke, the topography of ischaemic 
changes and the dynamics of cerebral infarction. These are sensitive methods for 
subclinical changes or short-term transient ischaemic attack (TIA) imaging [ 31 ].  

9.2.8     Summary of the Role of Imaging Techniques in Ischaemic 
Stroke 

     1.    Exclusion or recognition of different causes of neurological defi cit (the initial 
clinical diagnosis of stroke is wrong in 15–20 % of cases)   

   2.    Clarifi cation of doubtful cases – stroke mimickers (tumour, infl ammation, trau-
matic change)   

   3.    Qualifi cation for thrombolysis/thrombectomy   
   4.    Exclusion of complications – secondary haemorrhagic stroke (classic CT control 

at day 5)   
   5.    Prediction and monitoring of the course of stroke   
   6.    Evaluation of the aetiology of lesions according to their location       

9.3     Hypertension and Small Vessel Disease 

 Cerebral small vessel disease is a very heterogeneous condition whose clinical pic-
ture varies from subclinical infarctions to dramatic strokes, with defi cits ranging 
from slight to severe dysfunction. It occurs in the cerebral end arteries and arterioles 
and refl ects age-related vascular degeneration and many other pathological pro-
cesses. Pathophysiological phenotypes include white matter hyperintensities (WMH), 
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white matter lesions (WML), dilated Virchow-Robin spaces (dVRS) and microbleeds 
(MBs). 

 Hypertension and small vessel disease are well-documented risk factors for 
stroke and vascular dementia [ 32 ]. Age and ApoE4 allele status are also major 
determinants of both the development and extent of subcortical WML and, possibly, 
cognitive decline [ 33 ]. 

 Hypertension is also the most potent risk factor for both lacunar infarctions and 
primary intracerebral haemorrhage (ICH) resulting from arteriolosclerosis of the 
penetrating arteries. While lacunar strokes develop both in the deep periventricular 
and subcortical areas, the specifi c location of ICH in hypertensives includes the 
deep hemispheral basal ganglia, the thalamus, pons and cerebellar white matter (so- 
called haemorrhages  loco typico ) and, less frequently, the subcortical brain struc-
tures. The latter location suggests the contribution of cerebral amyloid angiopathy 
in the pathogenesis of the primary ICH. 

9.3.1     Patterns of Radiological Findings of Small Vessel Disease: 
CT Scan and MRI 

9.3.1.1     Lacunae, Lacunar Infarct and Lacunar Stroke 
 The terms ‘lacunae’, ‘lacunar infarct’ and ‘lacunar stroke’ are often used inter-
changeably even though they do not have an identical meaning. Lacunae are cavities 
of 3 mm to 15–20 mm in size, fi lled with cerebrospinal fl uid. They are located in the 
basal ganglia or white matter and are often detected in elderly people and are not 
directly related to neurological symptoms. 

 Lacunar stroke is associated with clinical symptoms, which may be caused by 
small subcortical or brainstem lesions. Lacunar infarct is only used when the typical 
ischaemic, non-haemorrhagic lesions are recognized on CT or MRI. 

 Lacunar infarcts are small infarcts located deeply in the brain and caused by the 
occlusion of a single perforating artery due to cerebral small vessel disease [ 34 ]. On 
CT or MR T2-weighted and FLAIR images, an acute lacunar infarct looks similar 
to WML. The differentiation between clinically asymptomatic WML and infarction 
is possible only with diffusion-weighted MR imaging. In the hyperacute and acute 
phases, lacunar infarct typically appears as a restriction of diffusion on DWI and 
ADC maps (Fig.  9.18 ). Its signal on ADC maps gradually normalizes, reaching 
hyperintensity in the chronic phase, which indicates that diffusion in the lacunar 
infarct is free. The majority of lacunar infarcts should cavitate completely or incom-
pletely at the end of the chronic phase, while the size is reduced in some and a few 
disappear [ 35 ]. However, some lacunar infarcts take the form of a glial scar which 
resembles WML on MR and CT images [ 36 ]. In MRI scans, lacunae are a signal of 
fl uid content foci (hypointense on FLAIR and T1-weighted images and hyperin-
tense in T2-weighted images). Some larger lesions are also surrounded by a thin 
band of gliosis. It is diffi cult to depict lacunar infarcts in CT studies in the posterior 
fossa due to their small size (less than 2 cm) and artefacts from the petrous part of 
the temporal bone.

9 Imaging Techniques for the Detection and Diagnosis of Brain Damage



118

   Subcortical lacunar infarcts are associated with hypertension and stroke. Basal 
ganglia lacunae correlate with atrial fi brillation. Some develop due to an embolic 
mechanism caused by occlusion of the lenticulostriate artery. Subcortical infarcts 
are caused by progressive ischaemia secondary to stenosis of the deep perforating 
arterioles. Approximately 50 % of lacunar infarcts are observed in patients with 
normal blood pressure (BP) and are preceded by TIA in 60 % of cases [ 37 ]. 
Stammering is a typical symptom in the fi rst two days. However, depending on the 
location, lacunar infarct may be asymptomatic. It is common to discover silent 
infarcts in the lacunae phase in patients with no medical history of stroke. Lacunae 
are a common fi nding in the putamen and caudate (37 %), pons (16 %), thalamus 
(14 %), internal capsule (10 %) and corona radiata (10 %) [ 38 ].   

9.3.2     Intracerebral Haemorrhage 

 Hypertension is the most signifi cant and frequent intracerebral haemorrhage (ICH) 
risk factor. Poorly controlled chronic hypertension results in small vessel vasculopa-
thy, which leads to rupture of the fragile walls of the cerebral penetrating arteries walls 
due to excessive BP [ 39 ]. The other risk factors are cerebral amyloid angiopathy 
(CAA), anticoagulant therapy and alcoholism. ICH due to hypertension is typically 
seen in elderly patients and usually occurs in the basal ganglia region. This haemor-
rhage, which is usually surrounded, may rupture into the ventricular space. 

 The diagnosis of ICH is made on the basis of CT rather than MR imaging, espe-
cially in acute stroke. Typical ICH fi ndings on CT images are that acute bleeding is 
markedly hyperdense compared to the brain parenchyma due to high protein con-
centrations and usually poses little diffi culties in the diagnosis. However, occasion-
ally, acute ICH may appear as isodense or even hypodense on CT images in patients 
with coagulopathy or severe anaemia. 

 In the hyperacute and acute stage, the haemorrhage is seen as a hyperdense lesion 
measuring from 40 to 80 HU. In the fi rst hours after bleeding, there may be a 

a b c

  Fig. 9.18    Hyperacute lacunar infarct in the left basal ganglia and medulla oblongata in a patient 
with hypertension. Diffusion-weighted image ( a ) and ADC map ( b ) show the area of restricted diffu-
sion in the left basal ganglia, indicating the infarction. In addition, the ADC map shows second- stage 
leukoaraiosis. Diffusion-weighted image of lacunar infarct in the medulla oblongata ( c )       
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heterogeneous appearance with a fl uid-fl uid level, representing blood sedimenta-
tion. High attenuation of the haematoma may persist for approximately 1 week [ 40 ], 
and after this time, the density of the haemorrhage begins to decrease, starting from 
the periphery of the lesion (Fig.  9.19 ). Decreased density represents the absorption 
of necrotic and haemorrhagic tissue and cavity formation, the fi nal stage of ICH.

   The appearance of ICH on MR images depends on both the age of the blood and 
the pulsing sequences used [ 41 ,  42 ]. In general, fi ve stages of haematoma evolution 
are recognized. The fi rst depicts intracellular oxyhaemoglobin, whose signal inten-
sity is isointense on T1-weighted images and iso- to hyperintense on T2-weighted 
images. After approximately 24 h, intracellular deoxyhaemoglobin appears, with a 
drop in the T2 signal intensity (T2 shortening), while T1 remains isointense. From 
the third day, intracellular methaemoglobin can be identifi ed, characterized by high 
signal intensity on T1-weigthed images and low signal intensity on T2-weighted 
images. After a few days, extracellular methaemoglobin appears; this has high sig-
nal intensity on T1- and T2-weighted images. After approximately a month, the 
hemosiderin signal begins to dominate, which is very low on T2-weighted images 
and slightly hypointense on T1-weighted images. 

 Magnetic susceptibility-weighted imaging is based on the ability of a T2*-
weighted MR sequence to detect very small amounts of deoxyhaemoglobin, in addi-
tion to other compounds such as those containing iron or calcium [ 25 ]. MRI and CT 
are equivalent in detecting acute haemorrhage (96 % concordance), but MRI can 
better demonstrate haemorrhagic transformation of areas of ischaemia and deposits 
of hemosiderin in chronic haemorrhage (microbleeds) and provides superior infor-
mation on the age and location of ICH.  

a b

  Fig. 9.19    Evolution of the intracerebral haemorrhage. ( a ) CT scan six hours after stroke onset 
shows a hyperdense pathological mass in the right thalamus typical of acute haemorrhage. ( b ) CT 
scan carried out 7 days later shows typical fi ndings of haematoma absorption – reduced lesion size 
and density, especially in the periphery of the lesion       
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9.3.3     White Matter Hyperintensities 

 WMH and WML, also called periventricular leukomalacia or leukoaraiosis (LA), are 
depicted on MRI as hyperintense areas on proton density (PD), T2-weighted and FLAIR 
images and hypointense areas on T1-weighted images. On DWI maps, these lesions do 
not cause restricted diffusion, and on ADC maps, they have a high signal. No enhance-
ment after intravenous infusion of contrast media is indicated. On CT scans, the lesions 
are hypodense (Fig.  9.15 ), but the sensitivity of CT scans in detecting WMH is lower than 
MRI. The most frequent etiological factor for WMH is hypertension, and therefore, coex-
isting microhaemorrhages, well depicted on SWI as hypointense lesions, may be seen. 

 Histologically, WMH have a decreased amount of oligodendroglia and myelin. 
The number of axons declines, there is fi bre fragmentation, and many reactive astro-
cytes are seen. Glassy scars occur in blood vessel walls, and smooth muscle tissue 
is replaced by collagen. These changes lead to thickening of the vessel walls and 
narrowing of their lumen [ 39 ]. 

 Diffuse white matter disease is progressive and clinically represented by cogni-
tive decline, walking disorders and falls. At present it is classifi ed in the group of 
cerebral small vessel diseases (CSVD), which are caused by chronic ischaemia due 
to vasculopathy of the cerebral small arteries. CSVD is a risk factor for stroke and 
one of the main factors in subcortical vascular dementia. However, there is a lack of 
correlation between radiological and histological phenotypes [ 43 ]. 

 A Framingham population analysis showed that LA in the white matter forecast 
premature death, independently of earlier stroke or dementia [ 44 ]. The Rotterdam 
Scan Study found a correlation between LA and the severity of cognitive decline 
[ 45 ], especially in subcortical areas – with an increased risk of clinical depression 
in the elderly. Recognized factors for LA are advanced age and hypertension. High 
BP correlates with increasing severity of LA. Effective hypertension management 
can decrease the risk of bleeding and dementia, but diastolic BP levels should be 
kept suffi cient for brain perfusion. 

 There are several LA evaluation scales. One is the Fazekas scale, rated from 0 to III, 
where 0 represents no changes or single punctate WML, I represents multiple punctate 
WMLs, and in grade II they begin to fuse (beginning confl uence of WML – bridging). 
In grade III, vast WML fusion areas dominate. Grade I can occur in the physiological 
brain ageing process, but grades II and III indicate small vessel disease. 

 Blood vessel changes related to hypertension can also cause Binswanger disease, 
which originates in subcortical damage to the white matter. Initially, it shows clini-
cally as cognitive decline, diffi culties in decision-making or disturbances in atten-
tion, although memory impairment is relatively small. Nonetheless, the progression 
of dementia in Binswanger disease is rapid and not related to stroke or TIA.  

9.3.4     Dilated Virchow-Robin Spaces 

 Virchow-Robin spaces (VRS) are perivascular spaces surrounding the small 
arteries and arterioles. VRS may be dilated (dVRS) and seen as punctate or linear 
hyperintensities on T2-weighted images, lying along penetrating arteries or as 
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fl uid spaces in FLAIR images. dVRS are widely detected in healthy people and 
in stroke patients and are independently associated with age, hypertension and 
cerebral small vessel disease such as LA and lacunae in stroke- and dementia-
free populations [ 46 ]. Age, LA and microhaemorrhage infl uence the severity of 
dVRS widening in patients with a history of intracranial haemorrhage [ 47 ]. Most 
commonly, dRVS are located in the lower half of the basal ganglia, substantia 
nigra, dentate nucleus, subinsular region, corpus callosum and cingulate gyrus. 
They are divided into three main types according to their location: type 1, located 
in the area supplied by the lenticulostriate arteries entering the basal ganglia; 
type 2, located in the area supplied by the perforating medullary arteries as they 
enter the cortical grey matter; and type 3, located in the midbrain. Wide perivas-
cular spaces are an anatomical variation. They should always be evaluated col-
lectively with other cerebral changes.  

9.3.5     Cerebral Microbleeds 

 Cerebral microbleeds (MBs) are shown on MRI scan, especially in GRE-T2*-
weighted or SW map imaging, as small perivascular hypointense lesions (Fig.  9.20 ). 
The name comes from neuroradiology and was used for the fi rst time by Fazekas 
[ 48 ]. Cerebral microbleeds are small and homogenous foci measuring 2–5 mm and 
are characterized by magnetic susceptibility and the blooming effect, which means 
foci seen on GRE-T2*/SW-MR images are, in fact, bigger than the actual lesions. 
They must be differentiated from calcium and iron deposits in the cerebral basal 
ganglia, small cavernous haemangiomas (especially type IV), melanoma metasta-
ses, bone- and air-induced artefacts and post-traumatic diffuse axonal injury [ 49 ].

a b

  Fig. 9.20    ( a ,  b ) Microbleed in a patient with hypertension. SWI scan shows a hypointense focus of 
the microbleed in the left temporal lobe ( a ), which is less visible on the T2-weighted MR image ( b )       
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   Cerebral microbleeds are classifi ed in the group of cerebral small vessel disease, 
together with LA, lacunar infarcts, perivascular dVRS and so-called silent brain 
infarcts (SBI), which are usually small subcortical lacunar infarcts [ 50 ]. Typical 
locations of MBs in hypertension vasculopathy are the deep parts of the brain, such 
as the basal ganglia, thalamus, cerebellum and brainstem [ 48 ]. MBs are more fre-
quent in patients with cerebral amyloid angiopathy (CAA) and neurodegenerative 
changes typical of Alzheimer disease (AD). The frequency of MBs in conventional 
MR head imaging is approximately 5 % in healthy subjects and increases distinctly 
with age [ 51 ]. The overall prevalence of MBs is high and increases with age from 
17.8 % in persons aged 60–69 years to 38.3 % in those aged >80 years [ 52 ]. The 
prevalence is about 35 % in patients with ischaemic stroke and up to 60 % in those 
with ICH. The presence of MBs has been associated with the prevalence and sever-
ity of spontaneous intracerebral haemorrhage. The accumulation of hemosiderin 
deposits can be considered a biomarker of the level of progression of small vessel 
disease. In patients with angiopathy and AD, there is a characteristic location of 
MBs in the cortico-subcortical area with distinctive tendency to the involvement of 
posterior areas – especially the occipital and parietal lobes. The MR GRE sequence 
appears to be more accurate than CT for the detection of chronic MBs.   

9.4     Hypertension and Alzheimer’s Dementia 

 The relationship between hypertension and cognitive decline has been shown by 
epidemiological associations and by pathological and neuroimaging studies. 
Hypertension before the age of 60 years appears to be independently associated 
with late cognitive impairment [ 53 – 56 ]. Early BP management in midlife seems to 
be important in delaying or preventing cognitive decline [ 57 ], although very recent 
studies suggest that microstructural white matter alterations appear early in the 
course of hypertension and may persist despite adequate treatment of elevated BP. It 
is likely that prevention rather than the management of hypertension may be vital to 
preserving brain health in ageing [ 58 ]. By contrast, the associations between lower-
ing BP values in very old adults without a remarkable cardiovascular history and 
reductions in the risk of dementia are less clear and need further study [ 59 ]. 

 Cerebral tissue is vulnerable to abrupt BP fl uctuations as well as to more chronic 
pathogenic mechanisms linked to hypertension. Extremely acute alterations in BP 
result in cerebral infarctions and haemorrhages. Parallel to these primary vascular 
injuries, there are degenerative deposition of amyloid in the brain parenchyma, neu-
ritic plaque and neurofi brillary tangles, with fi nal neuronal loss as a consequence. 

 Clinically, the combination of neuropathology including AD and cerebrovascu-
lar disease is common in the elderly [ 60 ] and may be suffi cient to cause dementia 
[ 61 ]. Initially, the clinical manifestations of these disorders may be subtle and are 
thus often overlooked by patients and relatives. In later stages, the accumulation of 
the two pathogenic processes underlies the conversion from subclinical into whis-
pering stroke or cognitive decline and, fi nally, into overt cerebrovascular accidents. 
The presence of hypertension-related vascular changes in the brain accelerates the 
manifestations of cognitive dysfunction. 
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9.4.1     Neuropsychological Aspects of Neuroimaging Findings 
in Hypertensive Adults 

 In clinical practice today, only a multidisciplinary team truly guarantees a compre-
hensive diagnosis of hypertension. The fi nal diagnosis takes into consideration not 
only standard medical examinations and laboratory tests but also the mental status 
and everyday functioning of the hypertensive patient. Therefore, close integration 
of disciplines such as radiology, hypertension, neurology and neuropsychology is 
warranted. 

 The psychological interpretation of neuroimaging fi ndings is helpful, particu-
larly in the early phase of the disorder, when most symptoms are subclinical. Very 
mild and non-specifi c cerebral alterations may not easily be detected by routine 
medical examination and traditional methods of neuroimaging, such as computer-
ized tomography. Neuropsychological assessment can thus be considered as an 
alternative method for the identifi cation of subtle alterations in the brain and for the 
prediction of behavioural sequelae. In general, clinical neuropsychology explains 
how brain abnormalities affect behaviour. Neuroimaging fi ndings help to clarify 
complex associations between hypertension and its mental (cognitive, emotional 
and behavioural) correlates. Neuropsychologists examine cognitive domains such 
as perception, attention, memory, problem-solving ability, language and visuospa-
tial skills [ 62 – 64 ]. 

 However, the neuropsychological interpretation of neuroimaging fi ndings is a 
complex matter since several factors may infl uence neurophysiological and psycho-
logical processes in hypertensive adults, including the duration of hypertension, the 
type and length of antihypertensive treatment, accompanying health problems (e.g. 
pulmonary disease, renal or metabolic disorders, head injury, alcohol and drug use), 
demographic variables and personality characteristics (e.g. emotional stress, anxi-
ety, cognitive reserve). Taken together, these factors provide an understanding of 
why there is no single hypertension mechanism affecting the brain. For example, in 
hypertensive patients, discrete regions of cerebral infarction and diffuse ischaemic 
changes in the periventricular and deep white matter (leukoaraiosis) may predispose 
to cognitive impairment. Jennings and Zanstra [ 65 ] suggested that hypertension 
induces a reduction in CBF that may be more marked in the frontal and subcortical 
regions. This opinion supports the notion expressed earlier that executive dysfunc-
tion is a prominent feature in the neuropsychological picture of hypertension, since 
the frontal lobes (especially the prefrontal cortex) and their connections to a com-
plex circuitry of subcortical structures (e.g. striatal regions, thalamus) have been 
suggested as the anatomical substrate of executive functioning [ 66 ]. 

 Diffuse vascular white matter changes also contribute to the pathogenesis of pro-
gressive neurodegeneration (e.g. Alzheimer’s disease) by destabilizing neurons and 
synapses [ 67 ,  68 ]. Nevertheless, the time course of cognitive impairment in hyper-
tension is a subject of much discussion [ 69 ]. Studies varied in their exclusion crite-
ria, classifi cation of hypertension and diagnostic validity of neuropsychological 
tests. Furthermore, some studies did not quantify the severity of cerebrovascular 
changes in subjects included nor consider this a relevant prognostic determinant. 
According to Waldstein et al. [ 63 ], for instance, hypertension does not typically 
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show a progressive decline in cognitive functioning over time. Generalized mental 
deterioration in hypertensive patients is also rare, since most cognitive dysfunctions 
are selective in nature, whereas other cognitive domains remain intact or nearly 
normal, i.e. language, verbal skills and general intelligence. Minimal decline has 
been noted in tasks requiring psychomotor speed or new learning in the elderly. In 
a review, Elias et al. [ 70 ] claimed that hypertension-related cognitive impairment is 
not a problem of old age, but a problem at all ages. However, numerous studies have 
provided evidence that white matter changes (LA) increase exponentially after the 
age of 65 years. Hypertension in the elderly may be associated with a higher preva-
lence of white matter abnormalities and increased shrinkage of the prefrontal cortex 
[ 71 ]. Thus, hypertension results in premature ageing of the brain, refl ected by vas-
cular cognitive impairment. In other words, it is possible that the hypertension-brain 
ageing interaction plays an important role in the development of dementia, with 
predominantly subcortical symptomatology, including slowing of information pro-
cessing, lack of initiative, inertia, apathy, mood disturbances, forgetfulness and a 
defective ability to manipulate acquired knowledge [ 72 ].      
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10.1           The Most Important Trials in Primary Stroke Prevention 

 Hypertension is the major modifi able risk factor for ischaemic stroke other than 
cardioembolic and for haemorrhagic stroke. It has been estimated that, worldwide, 
26 % of the population had high blood pressure (BP) in the year 2000 and that this 
proportion will increase to 29 % by 2025 [ 1 ]. Regular BP monitoring and appropri-
ate treatment of hypertension are fi rmly recommended by all guidelines for primary 
or secondary stroke prevention based upon the strong evidence of stroke risk reduc-
tion through the correct management of BP, whether systolic blood pressure (SBP) 
or diastolic blood pressure (DBP). The relationship between BP and stroke risk is 
strong, linear, independent and etiologically predictive: thus, within the usual BP 
ranges, including non-hypertensive ones, the higher the BP, the greater the risk of 
stroke [ 2 ]. In addition, BP, particularly SBP, increases with age as does the associ-
ated stroke risk. Non-hypertensive people whose BP values are slightly elevated 
(i.e. prehypertension defi ned as SBP 120–139 mmHg or DBP 80–89 mmHg) benefi t 
from lifestyle approaches with or without pharmacological treatments. A meta- 
analysis of 16 trials in 70,664 prehypertensive subjects randomized to receive phar-
macological treatment compared with placebo showed a 22 % stroke risk reduction 
in the intervention group [ 3 ]. In hypertensive subjects, lifestyle changes combined 
with correct BP treatment and control resulted in a 35–40 % reduction in the stroke 
burden [ 4 ,  5 ]. 
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 The benefi t in stroke reduction of BP lowering seems not to have a clear drug 
class preference, although the pleiotropic effects of class-related drugs may contrib-
ute to cardiovascular risk reduction.  The cardiovascular morbidity and mortality in 
the Losartan Intervention For Endpoint  ( LIFE )  reduction in hypertension  study 
showed a greater benefi t in subjects treated with losartan compared with atenolol in 
reducing the rate of fatal and non-fatal stroke, suggesting a possible role of left 
ventricular hypertrophy regression which, in itself, is a BP-related independent pre-
dictor of stroke [ 6 ,  7 ]. 

 However, pharmacological strategies and the proportion of BP lowering remain 
matters of debate. Meta-analyses show that more-intensive BP control 
(SBP < 130 mmHg) is associated with a greater stroke risk reduction than less- 
intensive control (SBP 130–139 mmHg) [ 8 ]. Interestingly, the benefi t from more- 
intensive BP control is greater for stroke than for other cardiovascular outcomes, as 
shown by the  ACCORD  blood pressure trial, which compared two antihypertensive 
regimens (SBP < 120 mmHg vs <140 mmHg) in a population with diabetes mellitus 
at high risk for cardiovascular events [ 9 ]. After 1 year, mean SBP in the intensive 
therapy group was lower than that in the standard therapy group, and the annual 
rates of stroke were 0.39 % and 0.53 %, respectively (95 % CI, 0.39–0.89;  p  = 0.01). 
Similarly, a meta-analysis of 31 trials of pharmacological interventions in sub-
jects with diabetes mellitus showed that more-intensive BP reduction signifi cantly 
reduced the risk of stroke but not myocardial infarction, with each 5 mmHg BP 
lowering corresponding to a stroke risk reduction of 13 % [ 10 ]. The level at which 
BP should be controlled in hypertensive patients without diabetes was investi-
gated in the  Cardio - Sis  trial [ 11 ]. In this Italian randomized, open-label trial, 
1,111 non- diabetic patients with treatment-resistant systolic hypertension 
(SBP ≥ 150 mmHg) were randomly assigned to a target SBP < 140 mmHg (usual 
control) or <130 mmHg (tight control). After a median follow-up of 2 years, SBP 
and DBP were signifi cantly lower in the tight control than in the usual group: the 
reduction decreased the incidence of the pre-specifi ed composite cardiovascular 
outcome, including stroke. Individual cardiovascular risk profi les, established 
cardiovascular disease (CVD) and intra-individual variability in BP may all 
account for differences in BP targets and for the effect of BP lowering on stroke 
risk reduction. 

 Isolated systolic hypertension (SBP ≥ 160 mmHg and DBP < 90 mmHg) in the 
elderly has been extensively investigated. The  Systolic Hypertension in Europe  
( Syst - Eur ) trial randomized 4,695 patients with isolated systolic hypertension to 
active treatment with a calcium channel blocker or placebo [ 12 ]. The results 
showed a 42 % risk reduction (95 % CI, 18–60;  p  = 0.02) in the intervention group. 
The  Systolic Hypertension in the Elderly Program  ( SHEP ) trial showed a 36 % 
stroke risk reduction (95 % CI, 18–50;  p  = 0.003) from a diuretic-based regimen 
[ 13 ]. In the  Hypertension in the Very Elderly  ( HYVET ) trial, 3,845 subjects aged 
>80 years with SBP ≥ 160 mmHg were randomized to receive indapamide or pla-
cebo, and perindopril or placebo added as needed to target a BP <150/80 mmHg. 
At 2 years of follow-up, there was a reduction in SBP of 15 mmHg, associated with 

A. Zaninelli et al.



131

a 30 % stroke risk reduction, 39 % fatal stroke risk reduction and 21 % overall mor-
tality reduction [ 14 ]. The  Systolic Blood Pressure Intervention Trial  ( SPRINT ) is a 
US randomized, controlled, open-label trial that compared the benefi t of treatment 
of SBP to a target of <120 mmHg with treatment to a target of <140 mmHg in a 
large non-diabetic population at increased cardiovascular risk [ 15 ]. The study 
hypothesis was that lowering SBP to <120 mmHg, compared with a target of 
140 mmHg, would result in an improvement in cardiovascular outcomes, including 
stroke. The primary composite outcome was myocardial infarction, other acute 
coronary syndromes, stroke, heart failure or death from cardiovascular causes. All 
major classes of antihypertensive agents were used in the trial population, although 
the study protocol encouraged the use of agents known to have the strongest evi-
dence for improvements in cardiovascular outcomes. Thiazide-type diuretics were 
preferably prescribed as fi rst-line agents, loop diuretics were indicated for people 
with advanced chronic kidney disease and beta blockers were indicated for sub-
jects with coronary artery disease. The two treatment strategies resulted in a rapid 
and persistent difference in SBP reduction between the two groups, which was 
greater in the intensive treatment group. The intervention was halted early after a 
median follow-up of 3.26 years due to a 25 % lower relative risk reduction in the 
primary composite outcome in the intensive treatment group compared with the 
standard treatment group. 

 Intra-individual BP variability has also been investigated. The  Syst - Eur  trial 
[ 12 ] analysed the effect of BP variability on stroke risk and found that increased 
night- time SBP variability was an independent risk factor for stroke compared 
with daytime SBP variability. The differences between classes of antihyperten-
sive agents with respect to their effectiveness in preventing stroke have been 
reported in a systematic review of randomized controlled trials [ 16 ]. The analysis 
showed that intra- individual variability in SBP is reduced by calcium channel 
blockers and non-loop diuretic drugs and increased by angiotensin-converting 
enzyme (ACE) inhibitors, angiotensin receptor blockers and beta blockers. The 
review concluded that the differing effects of antihypertensive drugs on individ-
ual BP variability may account for their differing effects in stroke prevention, 
regardless of their direct effect on SBP lowering. Similarly, a substudy of the 
 Anglo - Scandinavian Cardiac Outcomes Trial Blood Pressure Lowering Arm  
( ASCOT - BPLA ) and of the  Medical Research Council  ( MRC ) trial concluded that 
the differing effects of calcium channel blockers and beta blockers on BP vari-
ability may be responsible for the greater benefi t in stroke risk reduction in the 
former [ 17 ]. 

 Reducing BP is pivotal in stroke risk reduction strategies. The greater the 
reduction in BP, the greater the benefi t in stroke risk reduction. Since the fi rst 
publications of the  Hypertension Detection and Follow - up Program  ( HDFP ) and 
the  Multiple Risk Factor Intervention Trial  ( MRFIT ) in the late 1970s and late 
1980s, respectively, 20 years of subsequent research have confi rmed the initial 
observations that the treatments of mild, moderate, severe and isolated systolic 
hypertension all have absolute benefi ts. Optimal BP targets and how far BP 
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lowering could be forced remain unclear. Although the relationship between BP 
lowering and stroke risk reduction is linear, low ranges of BP may have several 
adverse effects, particularly in older fragile subjects, suggesting the importance of 
personalized approaches. In addition, the decision on which antihypertensive drug 
to use should be tailored to the needs of the patient, taking into account medical 
and socio-demographic factors.  

10.2     Hypertension Control in Primary Stroke Prevention: 
What Do Guidelines Suggest? 

 Hypertension is the leading stroke risk factor worldwide, and its treatment is one of 
the leading strategies to prevent ischemic and haemorrhagic stroke [ 18 ]. Numerous 
guidelines from scientifi c societies and organizations deal with the issue of manag-
ing BP for the primary prevention of cardiovascular diseases including stroke. 
Guidelines are periodically revised and released and in some cases do not take into 
the latest evidences from clinical studies. 

 Recommendations from selected available guidelines on BP control are shown in 
Table  10.1  [ 18 – 20 ]. Regular BP screening in the population is recommended to 
detect hypertension [ 18 ]. For patients with prehypertension (SBP 120–139 mmHg 
or DBP 80–89 mmHg), the American Heart Association/American Stroke 
Association (AHA/ASA) Guidelines recommend annual screening for high BP and 
health-promoting lifestyle modifi cation [ 18 ]. For patients with hypertension, both 
lifestyle changes and drugs are useful in reducing BP values [ 18 ,  19 ]. Measures 
recommended by the European Society of Hypertension (ESH) and the European 
Society of Cardiology (ESC) Guidelines [ 19 ] include salt restriction to 5–6 g per 
day; moderation of alcohol consumption to no more than 20–30 g of ethanol per day 
in men and 10–20 g in women; increased consumption of vegetables, fruits and low- 
fat dairy products; reduction of weight to body mass index (BMI) of 25 kg/m 2  and 
of waist circumference to <102 cm in men and <88 cm in women, unless contrain-
dicated; regular exercise, i.e. at least 30 min of moderate dynamic exercise 5–7 days 
per week; and stopping smoking. According to the ESH/ESC Guidelines [ 19 ], the 
most appropriate strategy depends on usual BP values and on additional risk factors 
(Fig.  10.1 ), while the Eighth Joint National Committee (JNC 8) guidelines highlight 
the role of age and comorbid diseases (chronic kidney disease and diabetes) in treat-
ment decisions (Table  10.1 ) [ 20 ]. According to the JNC8 guidelines, the threshold 
to initiate pharmacological treatment for subjects aged ≥60 years is 150 mmHg for 
systolic BP and 90 mmHg for DBP, and the goals are SBP <150 mmHg and DBP 
<90 mmHg. In subjects aged <60 years and those with chronic kidney disease or 
diabetes, the threshold for treatment initiation is lower (140 mmHg for SBP) as is 
the goal (<140 mmHg for SBP) (Table  10.1 ) [ 20 ]. Guidelines support the hypoth-
esis that rather than the use of a specifi c agent, BP reduction per se is important 
[ 18 ,  19 ]. The optimal BP values that give the most advantageous effects in terms of 
stroke prevention are unclear, and comorbidities and age may change individual 
optimal thresholds. The AHA/ASA Guidelines recommend that in patients with 
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hypertension, antihypertensive drugs should be used with a target BP of 
<140/90 mmHg [ 18 ]. This is also supported by the Italian guidelines which add that 
in old and frail patients, treatment should be started for SBP values >160 mmHg, 
with a BP target between 150 and 140 mmHg [ 21 ]. Diuretics, beta blockers, calcium 
antagonists, ACE inhibitors and angiotensin receptor blockers are all suitable and 
recommended for the initiation and maintenance of antihypertensive treatment, as 
supported by several guidelines [ 19 – 21 ]. The choice of the most appropriate is 
unclear as the results of clinical studies vary. Some data suggest a lower effi cacy of 
beta blockers and ACE inhibitors in stroke prevention [ 22 ]. Beta blockers also 
appear to have more side effects than other drugs [ 23 ], but some of the limitations 
of traditional beta blockers do not appear to be shared by newer agents such as 
celiprolol, carvedilol and nebivolol [ 24 – 27 ]. Some meta-analyses have also sug-
gested that ACE inhibitors may be somewhat inferior to other classes in preventing 
stroke [ 22 ,  28 ,  29 ]. The choice of the most suitable drug should take into account 
the fact that some classes have preferentially been used in trials in specifi c condi-
tions or have shown greater effectiveness in specifi c types of diseases. However, no 
solid evidence is available that suggests that different choices should be made 
based on age or gender (except for caution in using angiotensin receptor blockers 
in women with childbearing potential due to possible teratogenic effects) [ 19 ]. In 
the elderly and in the presence of isolated systolic hypertension, Italian guidelines 
suggest the use of diuretics and calcium antagonists [ 21 ]. Suggestions from the 
ESH/ESC Guidelines to choose the most appropriate drug according to specifi c 

Other risk factors,
asymptomatic organ damage
or disease

High normal
SBP 130–139
or DBP 85–89

Blood Pressure (mmHg)

Grade 1 HT
SBP 140–159
or DBP 90–99

Grade 2 HT
SBP 160–179

or DBP 100–109

Grade 3 HT
SBP ≥180

or DBP ≥110

No other RF

1–2 RF

≥3 RF

OD, CKD stage 3 or diabetes

Symptomatic CVD,
CKD stage ≥4 or
diabetes with OD/RFs

BP = blood pressure; CKD = chronic kidney disease; CV = cardiovascular; CVD = cardiovascular disease; DBP = diastolic 
blood pressure; HT = hypertension; OD = organ damage; RF = risk factor; SBP = systolic blood pressure.

• No BP intervention

• Lifestyle changes
• No BP intervention

• Lifestyle changes
• No BP intervention

• Lifestyle changes
• No BP intervention

• Lifestyle changes
• No BP intervention

• Lifestyle changes
  for several months
• Then add BP drugs
   targeting <140/90

• Lifestyle changes
  for several months
• Then add BP drugs
   targeting <140/90

• Lifestyle changes
  for several weeks
• Then add BP drugs
   targeting <140/90

• Lifestyle changes
  for several weeks
• Then add BP drugs
   targeting <140/90

• Lifestyle changes
  for several weeks
• Then add BP drugs
   targeting <140/90

• Lifestyle changes
• BP drugs
   targeting <140/90

• Lifestyle changes
• BP drugs
   targeting <140/90

• Lifestyle changes
• Immediate BP drugs
   targeting <140/90

• Lifestyle changes
• Immediate BP drugs
   targeting <140/90

• Lifestyle changes
• Immediate BP drugs
   targeting <140/90

• Lifestyle changes
• Immediate BP drugs
   targeting <140/90

• Lifestyle changes
• Immediate BP drugs
   targeting <140/90

• Lifestyle changes
• BP drugs
   targeting <140/90

• Lifestyle changes
• BP drugs
   targeting <140/90

• Lifestyle changes
• BP drugs
   targeting <140/90

  Fig. 10.1    Initiation of lifestyle changes and antihypertensive drug treatment according to the 
2013 European Society of Hypertension/European Society of Cardiology Guidelines. Targets of 
treatment are also indicated (Reproduced with permission from [ 19 ])       
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conditions are shown in Table  10.2 . Long-acting drugs that need to be taken once 
daily are preferred to shorter-acting drugs that require multiple dosing [ 30 ]. In any 
case, physicians should pay attention to contraindications to the different drugs and 
to adverse events (Table  10.3 ). Even minor adverse events may be powerful deter-
rents to treatment adherence. If necessary, doses or drugs should be changed in 
order to combine effectiveness with tolerability. Self-measured BP monitoring is 
recommended to improve BP control [ 18 ].

      Strategies for the choice between monotherapy and combination therapy to 
achieve BP reduction are shown in Fig.  10.2 . In general, moving from less-intensive 
to more-intensive treatment is indicated when the BP target is not achieved. The 
American Society of Hypertension and the International Society of Hypertension 
suggest approximately 2–3 week intervals before increasing the dose of a drug or 
adding a new drug [ 31 ]. The JNC8 guidelines suggest continuing to assess BP and 
to adjust treatment regimens until the target BP is reached [ 20 ]. A single agent can 
be started when there is mild BP elevation and low-to-moderate cardiovascular risk. 

   Table 10.2    Drugs to be preferred in specifi c conditions according to the 2013 European Society of 
Hypertension/European Society of Cardiology Guidelines (Reproduced with permission from [ 19 ])   

 Condition  Drug 
 Asymptomatic organ damage 
   Left ventricular hypertrophy  ACE inhibitor, calcium antagonist, ARB 
   Asymptomatic atherosclerosis  Calcium antagonist, ACE inhibitor 
   Microalbuminuria  ACE inhibitor, ARB 
   Renal dysfunction  ACE inhibitor, ARB 
 Clinical cardiovascular event 
   Previous stroke  Any agent effectively lowering BP 
   Previous myocardial infarction  BB, ACE inhibitor, ARB 
   Angina pectoris  BB, calcium antagonist 
   Heart failure  Diuretic, BB, ACE inhibitor, ARB, mineralocorticoid 

receptor antagonists 
   Aortic aneurysm  BB 
   Atrial fi brillation, prevention  Consider ARB, ACE inhibitor, BB or 

mineralocorticoid receptor antagonist 
   Atrial fi brillation, ventricular rate 

control 
 BB, non-dihydropyridine calcium antagonist 

   End-stage renal disease/proteinuria  ACE inhibitor, ARB 
   Peripheral artery disease  ACE inhibitor, calcium antagonist 
 Others 
   Isolated systolic hypertension 

(elderly) 
 Diuretic, calcium antagonist 

   Metabolic syndrome  ACE inhibitor, ARB, calcium antagonist 
   Diabetes mellitus  ACE inhibitor, ARB 
   Pregnancy  Methyldopa, BB, calcium antagonist 
   Blacks  Diuretic, calcium antagonist 

   ACE  angiotensin-converting enzyme,  ARB  angiotensin receptor blocker,  BB  beta blocker  
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In patients at high risk or with markedly high baseline BP, combination treatment 
may be the therapeutic option ab initio [ 19 ].

   Only indirect data are available from randomized trials providing data on drug 
combinations effective in reducing cardiovascular outcomes. The combination of an 
ACE inhibitor with an angiotensin receptor blocker is not recommended and should 
be discouraged [ 19 – 21 ,  31 ]. Suggestions from the ESH/ESC Guidelines on the 
combination of available drugs are shown in Table  10.4 . Combinations are probably 
benefi cial in the extent of BP reduction. Combinations that have been successfully 
used in trials should be preferred [ 19 ]. It is important to favour the use of combina-
tions of two antihypertensive drugs at fi xed doses in a single tablet because reducing 
the number of pills to be taken daily may improve adherence. Treatment advice 
from the ESH/ESC Guidelines is summarized in Table  10.5 .

   Table 10.3    Compelling and possible contraindications to the use of antihypertensive drugs 
according to the 2013 European Society of Hypertension/European Society of Cardiology 
Guidelines (Reproduced with permission from [ 19 ])   

 Drug  Compelling  Possible 
 Diuretics (thiazides)  Gout  Metabolic syndrome 

 Glucose intolerance 
 Pregnancy 
 Hypercalcaemia 
 Hypokalaemia 

 Beta blockers  Asthma 
 Atrioventricular block (grade 2 
or 3) 

 Metabolic syndrome 
 Glucose intolerance 
 Athletes and physically 
active patients 
 Chronic obstructive 
pulmonary disease 
 (except for vasodilator beta 
blockers) 

 Calcium antagonists 
(dihydropyridines) 

 –  Tachyarrhythmia 
 Heart failure 

 Calcium antagonists 
(verapamil, diltiazem) 

 Atrioventricular block (grade 2 or 
3, trifascicular block) 
 Severe left ventricular dysfunction 
 Heart failure 

 – 

 Angiotensin-converting 
enzyme inhibitors 

 Pregnancy 
 Angioneurotic oedema 
 Hyperkalaemia 
 Bilateral renal artery stenosis 

 Women with childbearing 
potential 

 Angiotensin receptor 
blockers 

 Pregnancy 
 Hyperkalaemia 
 Bilateral renal artery stenosis 

 Women with childbearing 
potential 

 Mineralocorticoid receptor 
antagonists 

 Acute or severe renal failure 
(estimated glomerular fi ltration 
rate <30 mL/min) 
 Hyperkalaemia 
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    Attention has recently been drawn to the association between visit-to-visit 
 variability in intra-individual BP during antihypertensive treatment and the 
incidence of cardiovascular events (particularly stroke) in high-risk patients 
[ 32 ]. BP variability may be a risk factor for stroke, but currently it is unclear 
whether a reduction in BP variability may have an impact on stroke prevention 
[ 32 ]. An analysis of the ASCOT trial has suggested that BP variability may be 
lower with the combination of a calcium antagonist and an ACE inhibitor than 
with the combination of a beta blocker and a diuretic [ 33 ], and a meta-analysis 
indicated that BP variability is more pronounced in patients taking beta block-
ers than in those receiving other drug classes [ 16 ,  34 ]. However, studies have 
not established whether BP variability is really pharmacologically driven or is 
a marker of treatment adherence.     

Mild BP elevation
Low/moderate CV risk

Choose between Marked BP elevation
High/very high CV risk

Single agent Two-drug combination

Switch
to different agent

Previous agent
at full dose

Previous combination
at full dose

Add a third drug

Full dose
monotherapy

Two drug
combination
at full doses

Switch
to different two-drug

combination

Three drug
combination
at full doses

BP = blood pressure: CV = cardiovascular.

  Fig. 10.2    Strategy for choosing between monotherapy and combination therapy to achieve blood 
pressure reduction according to the 2013 European Society of Hypertension/European Society of 
Cardiology Guidelines (Reproduced with permission from [ 19 ])       
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  11      Management of High Blood Pressure 
in Acute Ischaemic Stroke                     

       Dariusz     Gasecki     ,     Bartosz     Karaszewski    , 
and     Krzysztof     Narkiewicz   

11.1           Introduction 

 Elevated blood pressure (BP) is commonly observed in the acute phase of stroke. 
The prevalence of elevated BP is higher in acute ischaemic stroke (AIS) than in 
other acute illnesses [ 1 ], because stroke may favour the occurrence of elevated BP 
throughout the so-called acute hypertensive response (AHR) and because high BP 
is a risk factor for stroke. Elevated BP is associated with clinical outcomes and is, 
therefore, of clinical relevance. 

 It is estimated that in the fi rst 24 h, up to 70–80 % of ischaemic stroke patients have 
increased BP (supine BP ≥ 140/90 mmHg) [ 2 – 4 ] and up to 15 % have systolic BP 
(SBP) > 184 mmHg [ 5 ]. BP values are highly variable during the fi rst days after stroke, 
and this is mostly marked in the fi rst hours of cerebral ischaemia. Alterations in the 
circadian rhythm of BP  are  a frequent fi nding in ischaemic stroke patients [ 6 ,  7 ] with 
abnormal nocturnal BP dipping identifi ed in more than 75 % of patients [ 8 ]. 

 Marked BP changes are also documented in the peri-stroke phase. Before stroke 
onset, BP rises in the majority of cases of AIS, with evidence that BP peaks and 
troughs may be a cause of stroke [ 9 ,  10 ]. BP elevations after AIS are greater in 
patients with pre-existing hypertension and with larger strokes [ 11 ,  12 ].  
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11.2     Pathophysiology 

 Both stroke-specifi c and non-specifi c external stimuli as well as other transient fac-
tors may contribute to BP changes in patients with acute stroke. BP elevation in AIS 
is a self-limiting phenomenon. Wallace and Levy found elevated BP in 84 % of 
patients in the acute phase of stroke [ 13 ]. Ten days after stroke onset, a spontaneous 
reduction in systolic blood pressure (SBP) (mean of 20 mmHg) and diastolic blood 
pressure (DBP) (mean of 10 mmHg) was seen. After this time, about one-third of 
patients remained hypertensive. 

11.2.1     Pre-stroke Factors 

 Although the causes of elevated BP in acute stroke are complex and poorly under-
stood, pre-existing chronic hypertension is probably one of the main contributors to 
BP elevation in the acute phase of stroke. One-half of ischaemic stroke patients have 
high BP prior to stroke [ 14 ,  15 ], with up to 50 % of stroke patients taking antihyper-
tensive drugs before the acute event. In addition, a history of pre-existing hypertension 
is associated with high post-stroke SBP. Similarly, patients with diabetes mellitus are 
also prone to increased BP after acute stroke [ 13 ,  16 ,  17 ]. Premorbid hypertension is 
undiagnosed and untreated or poorly controlled in many stroke patients despite the 
fact that hypertensives have a 3–4 times higher risk of stroke than normotensives [ 18 ]. 

 Another important issue is the identifi cation of dehydration in acute stroke 
patients [ 19 ], as this may result in a hypertensive or hypotensive response to antihy-
pertensive agents [ 20 ].  

11.2.2     Stroke-Specific Factors: Acute Hypertensive Response 
in the First 24 h After Symptom Onset 

 The importance of stroke-specifi c factors in the generation of elevated BP values in 
the acute phase of ischaemic stroke has been supported by fi ndings from several 
studies. The spontaneous reduction in BP in the fi rst hours and days after stroke 
onset in most patients [ 1 ,  13 ,  21 ] strongly indicates that brain dysfunction itself may 
result in autonomic system dysregulation and, therefore, inadequate BP regulation. 

 The status of the cerebral vessels seems to be one of the critical determinants of BP 
evolution after stroke. Patients with occluded major cerebral arteries have higher BP 
values on admission. Accordingly, high BP is more likely to be observed in patients 
with more severe stroke and in those admitted very early after stroke onset [ 22 ]. 
Recent data showed that BP is highest in the fi rst minutes after stroke onset [ 23 ]. 
Patients in the ultra-acute phase of ischaemic stroke only exceptionally experience an 
early BP reduction. However, after successful recanalization, BP decreases signifi -
cantly in ischaemic stroke patients [ 24 ,  25 ]. By contrast, persistent vessel occlusion is 
associated with more durable high BP and progression of cerebral oedema and haem-
orrhagic transformation of an ischaemic focus. 
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 Brain regions involved in autonomic regulation are spread through the brain. The 
prefrontal and insular cortices seem to play an important role in both sympathetic 
and parasympathetic modulations. The left ventromedial prefrontal cortex (VMPFC) 
was shown to be involved in parasympathetic activation, while the right VMPFC 
was shown to be included in sympathetic inhibition [ 26 ]. The insular cortex also 
seems to play an important role in the regulation of the autonomic system. 
Sympathetic activity was shown to be higher in insular than in non-insular infarc-
tions, especially in patients with right hemisphere infarctions [ 27 ]. Animal studies 
indicate that the brainstem, especially the medulla, may also play a signifi cant role 
in autonomic system regulation [ 28 ]. Dysfunction of those regions, whether direct 
or during the course of diaschisis, may lead to autonomic dysfunction and, eventu-
ally, elevated BP.  

11.2.3     Stroke Complications After 24 h 

 Ischaemic stroke may lead to various acute complications which, in turn, may result 
in BP elevation. Many factors, including urine retention, headache, concomitant 
infection or stress related to serious illness or hospitalization [ 29 ], may, through 
different mechanisms, cause increased BP. Increased cardiac output, changes in 
neuroendocrine systems with activation of the sympathetic nervous system, renin- 
angiotensin axis and glucocorticoid system and acute abnormalities in the cardiac 
baroreceptor refl ex may also contribute to BP rises and variations following cerebral 
ischaemia [ 30 ,  31 ]. BP at admission is thus often affected by many transient and 
individualized factors that may resolve within hours. Therefore, BP values during 
the fi rst 12 h may not appropriately refl ect the stroke patient’s general condition 
and, more importantly, may be unreliable and misleading [ 32 ]. 

 In the subacute phase of stroke, nearly half the patients with ischaemic stroke 
remain hypertensive. Permanently elevated SBP values in the acute stage of stroke 
may be related to evolving brain swelling in the region of ischaemia [ 33 ] and may 
primarily refl ect progressive intracranial hypertension, although this usually does 
not become clinically obvious for 1–4 days [ 34 ]. Accordingly, the combination of 
an acute hypertensive response with bradycardia and respiratory irregularities (so- 
called Cushing triad) strongly suggests intracranial hypertension.  

11.2.4     Low Blood Pressure 

 Low BP on admission (SBP < 100 mmHg) is rare (0.6% and 2.5 % in patients treated 
with thrombolysis [ 35 ] and in general acute stroke patients [ 36 ], respectively) and 
is associated with large territorial cerebral infarctions or advanced age [ 37 ]. 

 Low initial BP may suggest underlying disease such as volume depletion, sepsis, 
myocardial infarction, cardiac arrhythmia, retroperitoneal haemorrhage or aortic 
dissection. The brain is particularly vulnerable to hypotension during acute isch-
aemia due to impaired cerebral autoregulation. Although the exact defi nition of 
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arterial hypotension has yet to be established, extremely low arterial BP is detrimen-
tal, as it results in decreased tissue perfusion to the ischaemic brain and to many 
other organs. 

 Patients with stroke and low BP are at increased risk of both early and late stroke 
complications. However, in the later stages of stroke, low SBP may be a marker of 
recanalization [ 38 ], and therefore, the association of low SBP with clinical out-
comes may only be valid for patients with low SBP on admission [ 22 ].   

11.3     Blood Pressure and Clinical Outcomes 

 BP levels are closely associated with clinical outcomes in patients with AIS. Various 
BP parameters during the acute phase of ischaemic stroke have been investigated by 
many studies. Observational studies show that both extremely high and extremely 
low BP on admission correlate with death or dependency in acute stroke patients. 
Accordingly, the relationship between BP at admission and stroke outcomes seems 
to be U or J shaped [ 2 ,  25 ,  37 ,  39 – 44 ] with the optimal SBP ranging from 121 to 200 
mmHg and DBP ranging from 81 to 110 mmHg. However, some observational data 
have shown a more linear relationship between elevated BP during AIS and worse 
clinical outcomes [ 45 ,  46 ], although other studies only found this association in 
stroke patients with impaired consciousness, while no associations were found in 
alert patients [ 47 ]. In addition, the observed J- or U-shaped association between BP 
and outcomes in AIS may not be causally related. 

 On the other hand, in many initial studies, BP was measured relatively late after 
stroke, e.g. 24 h, on average, in the fi rst International Stroke Trial (IST) [ 37 ]. 
However, data from the hyperacute phase of ischaemic stroke demonstrate relation-
ship between high SBP and a high incidence of severe neurological and functional 
defi cit [ 48 ]. 

 Potential complications of high BP in AIS include the extension of peri-focal 
cerebral oedema and further acceleration of stroke complications with exaggeration 
of heart, renal or aortic acute or chronic failure and early recurrent cardiovascular 
events, including new strokes. 

 The area of brain ischaemia includes the core of infarction and surrounding 
lesions of potentially salvageable tissue called the ischaemic penumbra or “tissue at 
risk” [ 49 ]. Rapid restoration of cerebral perfusion to the tissue at risk can restore its 
temporarily lost function. Conversely, if cerebral perfusion to the penumbral areas 
is not restored early enough, there is new brain infarct volume which worsens the 
fi nal functional outcome. 

 As an autoregulatory mechanism, whose physiological aim is to maintain ade-
quate cerebral perfusion, is compromised in the penumbral areas, regional cerebral 
blood fl ow (CBF) in involved tissue becomes directly dependent on systemic 
BP. Thus, in the case of persistent cerebral ischaemia, BP falls may compromise the 
collateral blood fl ow and extend the total volume of brain damage. On the other 
hand, extremely high BP may lead to disruption of the blood-brain barrier integrity 
with all its consequences, such as increased permeability.  
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11.4     Blood Pressure and Outcomes in Thrombolized Patients 

 Immediately after stroke, BP reductions are observed within minutes or hours after 
spontaneous or induced recanalization of the parent cerebral artery (e.g. via suc-
cessful thrombolysis). 

 An important issue is the infl uence of elevated BP on the outcomes in throm-
bolized patients. This relationship has been well documented regarding with respect 
to the risk of secondary haemorrhage [ 35 ,  50 ,  51 ] and long-term outcomes [ 52 ,  53 ]. 
Acute BP elevation has been shown to be related to an increased risk of haemor-
rhagic transformation of brain infarction in patients treated with thrombolysis [ 54 ], 
with a fourfold increased risk for SBP > 170 mmHg compared with 141–150 mmHg 
[ 35 ,  55 ]. This is the most common concern in patients otherwise eligible for throm-
bolytic treatment. 

 The risk of haemorrhagic transformation of cerebral infarction is increased by 
either high pretreatment [ 54 ] or post-treatment BP values [ 35 ]. In the recently con-
ducted IST-3 trial, which randomized 3035 patients with ischaemic stroke to recom-
binant tissue-type plasminogen activator 0.9 mg/kg or open control within 6 h of 
symptom onset, both high BP and large BP variability during the fi rst hours after 
stroke were associated with a higher rate of short-term adverse events, including 
death [ 56 ]. In a small observational study, BP variability was previously found to be 
associated with greater cerebral lesion growth in patients without early recanaliza-
tion of the causative artery [ 57 ], while this did not happen in recanalized patients.  

11.5     Management of Blood Pressure in Acute Ischaemic 
Stroke 

 The optimal management of hypertension in patients with ischaemic stroke is dif-
fi cult. Although debated for more than 30 years, the best strategy to manage raised 
BP in acute stroke remains unclear and seems to depend on the underlying stroke 
subtype and the timing. 

 The immediate lowering of BP in patients with AIS should reduce early stroke 
oedema and the haemorrhagic complications of ischaemia. However, it might 
potentially decrease collateral fl ow in the area of tissue at risk of cerebral infarction. 
Finally, after the presumed penumbra no longer exists, there is no reason to main-
tain high BP. The main arguments for and against lowering BP in AIS are listed in 
Table  11.1 .

   Early elimination of many transient factors complicating stroke, including dehy-
dration, infections, pain, anxiety, stress due to hospitalization and bladder dysfunc-
tion, may be associated with signifi cant BP reductions in the fi rst hours after stroke 
onset. Otherwise, BP tends to remain high in the hours and days after acute stroke. 

 However, interventions lowering high BP may be associated with reduction in 
cerebral blood fl ow in patients with impaired autoregulatory mechanisms. 
Consequently, the jeopardy to cerebral perfusion in ischaemic areas may be accentu-
ated. Therefore, antihypertensive treatment should be used with great caution in the 
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fi rst 24 h after stroke, and if implemented, only a gradual and moderate BP decrease 
(<20% within 24 h) may be tolerated. Rapid reduction of elevated BP in patients with 
signifi cant intracranial hypertension is the most dangerous procedure. 

 As shown by Olivera et al., for every 10% reduction in SBP within 24 h, there is 
a nearly twofold increased risk of a poor outcome [ 21 ]. Particularly rapid and large 
BP reductions in very early acute brain ischaemia should be avoided. Therefore, BP 
reduction is not recommended by major guidelines on AIS until a patient is clini-
cally stable, and BP values are not extremely high (>220/120 mmHg) or there are 
symptoms and signs of hypertensive emergencies (e.g. acute heart or renal failure, 
aortic dissection) [ 55 ,  59 ]. 

 In line with many clinical observations, the balance between the benefi cial and 
dangerous effects of BP lowering in AIS is very fi ne. According to recent data, a 
moderate BP rise maintained at SBP 140 mmHg to 159 mmHg and DBP 90 mmHg 
to 99 mmHg within 7 days after stroke seems to be the best prognostic marker of 
long-term neurological functional recovery [ 60 ]. Conversely, a large reduction in 
SBP is associated with poor outcomes in AIS [ 12 ]. Similarly, if thrombolized 
patients are given antihypertensive drugs, the prognosis is poorer than when BP is 
not treated [ 61 ,  62 ]. These observations support the concept of defective autoregula-
tion in AIS, as discussed earlier, where the passive and linear relationship between 
CBF and systemic BP takes over and where BP elevation may help preserve isch-
aemic areas from infarction. Nevertheless, the expert-derived guidelines for the 
management of BP in AIS provide only an indication of the perceived harm from 
high BP, and the optimal BP values in AIS remain to be established. 

 Recent trials suggest a neutral effect of early BP lowering on the prevention of 
unfavourable clinical outcomes, recurrent vascular events and all-cause mortality. 
However, most studies assessed interventions starting within 72 h after ischaemic 
stroke onset, with the median time to initiation of BP lowering in 13 randomized 
controlled trials with 12,703 participants being no earlier than after 15 h after stroke 
onset [ 63 ]. 

 The results of the Scandinavian Candesartan Acute Stroke Trial (SCAST) 
showed that modest BP lowering in acute stroke with candesartan had no advantage 

   Table 11.1    Reasons for and against BP reduction immediately after acute ischaemic stroke   

 For  Against 
 High BP associated with mortality  Cerebral ischaemia might be exacerbated by 

lowering BP due to impaired autoregulation 
 Lowering BP might decrease 
haemorrhagic transformation 

 The risk of converting ischaemic areas to 
irreversible infarction 

 Lowering BP might reduce cerebral 
oedema 

 BP decreases spontaneously during the fi rst week, 
even without treatment 

 Lowering BP might be indicated for other 
medical reasons 

 The risk of worsening of perfusion distal to 
large-vessel stenosis 

 Data from recent trials suggest that 
lowering BP acutely is safe 

 Lowering BP might exacerbate or propagate 
intravascular thrombus 

  Adapted from Aiyagari [ 58 ]  
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and tended to be harmful, seen from the 6-month perspective [ 64 ]. Moreover, 
patients with increased SBP from day 1 to day 2 had an increased risk of early 
adverse events [ 65 ]. 

 By contrast, the small Controlling Hypertension and Hypotension Immediately 
Post-Stroke (CHHIPS) pilot study found that BP lowering with β-blockers or 
angiotensin- converting-enzyme (ACE) inhibitors in previously normotensive 
patients with SBP > 160 mmHg in AIS was associated with a signifi cant reduction 
in 3-month mortality [ 66 ]. 

 Since approximately one-half of patients with acute stroke are taking antihyper-
tensive drugs, there is a question of whether this pre-stroke therapy should be con-
tinued or withdrawn. Two studies have addressed this issue. The results of the 
Continue or Stop Post-Stroke Antihypertensives Collaborative Study (COSSACS) 
in patients with previously identifi ed and treated hypertension indicate that there is 
no difference with regard to the prognosis between patients who continued pre- 
stroke antihypertensive treatment compared with those who discontinued it during 
the acute phase of stroke [ 67 ]. However, this study was conducted in patients with 
relatively mild stroke, i.e. with a small degree of neurological defi cit. Similarly, the 
more recent large Effi cacy of Nitric Oxide in Stroke (ENOS) trial of transdermal 
glyceryl trinitrate (GTN) found no differences in long-term functional outcomes 
between patients who continued pre-stroke antihypertensive therapy and those 
who stopped it temporarily (ENOS) for the fi rst 7 days after AIS. Further analyses 
of the two trials confi rmed the neutral effect of withdrawal from prior antihyper-
tensive drugs on major end points, including death or dependency, but showed 
some worse outcomes with respect to disability in patients randomised to continue 
the treatment [ 68 ]. 

 Finally, in the recent Cochran review of 17,011 patients enrolled in 26 ran-
domized controlled trials assessing the clinical effectiveness of altering BP in 
patients with acute ischaemic or haemorrhagic stroke, BP lowering did not 
reduce death or dependency according to drug class, stroke type or time to treat-
ment [ 68 ]. The timing of the intervention seemed to be of clinical importance, 
with signifi cant disability reductions occurring only in patients treated during the 
hyperacute phase (within 6 h). The ENOS trial also found no differences between 
patients receiving GTN or placebo. However, the trial involved patients with 
stroke in the fi rst 48 h, and the median time of drug administration was 26 h after 
stroke onset. 

 Again, recent data from a small, randomized controlled RIGHT (The Rapid 
Intervention With Glyceryl Trinitrate in Hypertensive Stroke Trial) study of GTN 
administered by paramedics before hospital administration showed that very early 
(<4 h of stroke onset, with median time to admission of 55 min) BP reduction with 
transdermal GTN may be associated with functional improvement in patients with 
AIS [ 69 ]. Similarly, very recent data show that although the main ENOS study was 
neutral, a subgroup with very early administration of GTN (within 6 h of stroke onset) 
showed improved functional outcomes and fewer deaths by day 90 [ 70 ]. Interestingly, 
the largest reduction in BP in clinical trials was demonstrated in AIS patients treated 
during the prehospital phase of the disease (within 4 h of stroke onset) [ 68 ].  
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11.6     Current Guidelines for Blood Pressure Management 
in Acute Ischaemic Stroke 

 Although it is recommended that BP be lowered in specifi c situations, including 
acute myocardial infarction, aortic dissection, acute renal failure, hypertensive 
encephalopathy and pulmonary oedema, current European and US guidelines rec-
ommend lowering BP without these specifi c indications only when BP is ≥ 220 
mmHg SBP and ≥ 120 DBP (Table  11.2 ) [ 55 ,  59 ].

   The problem of high BP is especially important in patients eligible for thrombo-
lytic therapy. Existing data show that baseline pretreatment SBP is a risk factor for 
intracerebral parenchymal haemorrhage in acute ischaemic lesions [ 54 ,  81 ,  82 ] and 
elevated SBP is associated with a worse outcome (SITS-ISTR [ 35 ]). Thus, both the 
American guidelines and European registration of the drug stipulate that this treat-
ment may be administered in patients whose BP is <185 mmHg SBP and <110 mmHg 
DBP [ESO, AHA 2013]. Specifi c guidelines for the treatment of hypertension are 
shown in Tables  11.2  and  11.3 .

11.6.1       Ongoing Studies of Blood Pressure Reductions After Acute 
Ischaemic Stroke 

 ENCHANTED (Enhanced Control of Hypertension and Thrombolysis Stroke 
Study) is an ongoing trial comparing low (0.6 mg/kg) vs standard (0.9 mg/kg) dose 
of intravenous recombinant tissue plasminogen activator (rtPA) and early intensive 
(130–140 mmHg) vs standard BP lowering (<185 mmHg before and <180 mmHg 
after the use of intravenous rtPA) in AIS. Could it provide more affordable and safer 
use of thrombolysis treatment in patients with AIS?

   Primary outcome: combined end point of death and disability at 90 days  
  Secondary outcomes: secondary intracerebral haemorrhage, death, disability or 

neurological deterioration during 72 h    

 RIGHT 2 is an ongoing trial assessing the safety and effi cacy of GTN in 850 
patients in the ultra-acute (within 4 h after stroke onset) prehospital stage of AIS 
(  http://right2-trial.org    )   

11.7     Choice of Antihypertensive Agents 

 No large comparative studies have evaluated antihypertensive agents in AIS and 
their BP-lowering capacity. No data are available to guide the selection of drugs to 
reduce BP in AIS. 

 In patients with AIS, calcium channel blockers, ACE inhibitors, angiotensin 
receptor antagonists, β-blockers and nitric oxide donors all lower BP. Initially, BP 
should be lowered with caution using short-term parenteral drugs. Labetalol is a 
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   Table 11.3    BP treatment in AIS according to SITS-MOST [ 83 ]   

 Patients excluded from thrombolytic therapy (initial BP reduction (SBP and/or DBP) should 
not exceed 20% of the initial value): 
   SBP ≤ 220 mmHg and DBP ≤ 120 mmHg – do not treat except when combined with: 
    Aortic dissection 
    Acute myocardial infarction 
    Pulmonary oedema 
    Hypertensive encephalopathy 
    Acute renal failure 
   SBP > 220 mmHg and/or DBP 121–140 mmHg – treat until reaching values not exceeding 

220 mmHg (SBP) and 120 mmHg (DBP) (if one therapy is insuffi cient, another drug may be 
used): 

    IV bolus of urapidil 10–50 mg, if needed followed by continuous infusion 9–30 mg/h 
     Labetalol 10–20 mg IV over 1–2 min: the dose may be administered every 10 min to a 

maximum of 300 mg 
     Continuous infusion of nicardipine 5 mg/h IV: the dose may be increased every 5–15 min 

by 0.25 mg/h (maximum dose 15 mg/h) to reach required BP levels. Then reduce the dose 
to 3 mg/h 

   DBP > 140 mmHg 
     Continuous IV infusion of sodium nitroprusside 0.5 μg/kg/min: continuous BP control 

required 
    Nitroglycerine 5 mg IV, followed by continuous infusion 1–4 mg/h 
 Patients treated with thrombolytic therapy if BP > 185/110 mmHg: 
   Before rtPA therapy is introduced: 
    IV bolus of urapidil 10–50 mg 
    Labetalol 10–20 mg IV over 1–2 min 
     Continuous infusion of nicardipine 5 mg/h IV: the dose may be increased every 5–15 min 

by 0.25 mg/h (maximum dose 15 mg/h) to reach required BP levels. Then reduce the dose 
to 3 mg/h 

   BP monitoring in every patient during the therapy: every 15 min in the fi rst 2 h, then every 
30 min in the following 8 h and every 1 h in the following 16 h 

    If SBP > 185 mmHg and/or DBP > 110 mmHg (one of the following): 
      IV bolus of urapidil 10–50 mg, if needed followed by a continuous IV infusion 

9–30 mg/h 
     Labetalol 10–20 mg IV over 1–2 min, if needed followed by: 
      10–20 mg IV every 10–20 min to a maximum of 300 mg 
      Continuous IV infusion 2–8 mg/min 
    If SBP > 230 mmHg and/or DBP > 121–140 mmHg (one of the following): 
      IV bolus of urapidil 10–50 mg, if needed followed by a continuous IV infusion 

9–30 mg/h 
     Labetalol 10–20 mg IV over 1–2 min, if needed followed by: 
      10–20 mg IV every 10–20 min to a maximum of 300 mg 
      Continuous IV infusion 2–8 mg/min 
      Continuous infusion of nicardipine 5 mg/h IV: the dose may be increased every 5 min 

by 2.5 mg/h to a maximum dose of 15 mg/h 
     If the above therapy is unsuccessful and DBP is >140 mmHg, consider continuous IV 

infusion of sodium nitroprusside 0.5 μg/kg/min, followed by titrating doses to reach 
required BP levels 

   rtPA  recombinant tissue plasminogen activator  
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nonselective α- and β-blocker which, due to its effect on α-receptors, acts not only 
by reducing cardiac output, like the majority of β-blockers, but also as a peripheral 
vasodilator. Nicardipine is a calcium antagonist administered parenterally. Like 
labetalol, it is recommended by the AHA/ASA to reduce BP as thrombolytic ther-
apy [ 55 ]. In extreme situations, if there is no response to these drugs, nitroglycerine 
or sodium nitroprusside may be administered intravenously. Other parenteral medi-
cations recommended for BP lowering in AIS include clonidine, dihydralazine and 
metoprolol. Sublingual administration of nifedipine should be avoided due to the 
risk of a rapid BP reduction, steal syndrome and a high BP “rebound”.     
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12.1           Introduction 

 Intracerebral haemorrhage (ICH) is a devastating disease with the highest rate of 
mortality among the major pathological stroke subtypes. ICH is also the major con-
tributor to disability-adjusted life years lost among all neurologic disorders [ 1 ]. 
Hypertension is the most important modifi able risk factor for both primary and 
recurrent ICH [ 2 ]. 

 Early blood pressure (BP) elevation is observed in the majority of patients with 
ICH [ 3 ]. High BP appears to play a critical role in the pathogenesis of ICH, since it 
has been shown to be strongly related to haematoma growth [ 4 – 6 ] and subsequent 
poor clinical outcomes [ 7 – 11 ]. Therefore, acute BP alteration might be of clinical 
relevance in this cerebrovascular disorder. 

 In fact, recent clinical trial evidence suggests that BP lowering immediately after 
ICH may be an important treatment target to prevent haematoma expansion and 
may be associated with better outcomes [ 12 ].  

12.2     Epidemiology 

 ICH is a less common subtype of stroke than cerebral ischaemia, accounting for 
9–33 % of all acute cerebrovascular events/strokes worldwide, but is associated with 
higher mortality rates and poorer functional outcomes. Haemorrhagic stroke is 
especially common in Asia, particularly in Japan and China, and in African 
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populations, where it constitutes up to 20–33 % of all strokes [ 13 ]. In Caucasians, 
ICH accounts for approximately 9–15 % of all strokes [ 14 ]. The incidence of ICH 
rises with age and therefore the number of ICH is expected to increase substantially 
in the near future. ICH is associated with high early and late mortality and morbid-
ity. The case fatality rate is 40 % at 1 month, rising to 54 % at 12 months [ 15 ,  16 ]. 
About 50 % of survivors will be permanently disabled, with only a minority of ICH 
patients being independent of long-term care at 12 months [ 17 – 19 ]. 

 Most patients receive no warning signs before ICH. Occasionally, some patients 
with vascular malformations may present with recurrent, usually localized, head-
aches or seizures. 

 Among vascular risk factors, elevated BP is well established as the major con-
tributor to ICH, with a much stronger association with ICH than with ischaemic 
stroke [ 20 ,  21 ]. BP values are linearly associated with the risk of ICH. The higher 
the BP, the greater the increased risk of haemorrhagic stroke and recurrent stroke, 
both haemorrhagic [ 22 ] and ischaemic [ 20 ,  21 ]. 

 In general, hypertensives have a 2–3 times higher relative risk of ICH than non- 
hypertensive subjects [ 23 ]. High BP is a much stronger predictor of ICH in younger 
adults than in older subjects [ 24 ]. Discontinuation of antihypertensive therapy is 
also associated with a signifi cantly greater risk of ICH [ 25 ].  

12.3     Pathophysiology 

 Pathogenetically, arterial small vessel disease (so-called arteriolosclerosis), cere-
bral amyloid angiopathy and haemostatic and coagulation disorders – either due 
to intrinsic systemic or other diseases or to medications – are the leading causes 
of ICH in the elderly, while vascular malformations, venous disease, acute hyper-
tensive crises or aneurysms are more likely to explain bleeding in younger 
patients [ 26 ,  27 ]. Cerebral arteriolosclerosis affects the small perforating arteries 
arising from the large vasculature of the brain and is related mainly, but not 
exclusively, to chronic uncontrolled hypertension [ 28 ]. Hypertension-related 
ICH tends to be located in the deep structures of the brain (e.g. basal ganglia, 
thalamus, white matter, pons, cerebellum), although, in rare cases, it may affect 
the subcortical areas [ 29 ]. 

 The percentage of hypertension-related ICH varies between 50 and 70 % in older 
studies and between 35 and 54 % in more recent studies due to the availability of 
modern neuroimaging tools allowing other causes of ICH to be diagnosed. However, 
in about 20 % of ICH cases, no underlying cause is identifi ed with currently avail-
able diagnostic tools, and thus they may still be considered cryptogenic [ 26 ]. 

 With the advent of modern neuroimaging tools, continued bleeding and haema-
toma expansion have been demonstrated in one-third of patients with ICH in the 
fi rst few hours [ 30 ] and in a further 10 % in the 3–24 h after stroke onset [ 31 – 33 ]. In 
ICH associated with anticoagulants, haematoma expansion persists even longer 
[ 34 ]. Haematoma expansion and fi nal lesion volume, determined mainly within the 
fi rst 24 h after stroke, are the key prognosticators of clinical outcomes in patients 
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with ICH. However, the adverse effects of peri-haematoma edema [ 35 ,  36 ] and 
infl ammation [ 37 ,  38 ] in the fi rst few days post-stroke may also contribute to overall 
morbidity and mortality.  

12.4     BP and Outcomes in ICH 

 Acutely elevated BP in the fi rst 24 h – the so-called acute hypertensive response 
(AHR) – occurs in up to 90 % of ICH cases [ 39 – 42 ], whereas pre-existing hyperten-
sion (self-reported) with systolic BP (SBP) ≥ 140 mmHg or >160 mmHg is found in 
73 % and 60 % of ICH patients, respectively [ 3 ]. Stress, pain, increased intracranial 
pressure and premorbid elevations in BP are associated with AHR in ICH patients 
[ 10 ,  42 ]. 

 In a recent study by Fisher et al., the fi rst recorded acute-phase SBP was much 
higher in patients with ICH than in those with ischaemic stroke. Moreover, the fi rst 
mean SBP after ICH was much higher than premorbid levels, in contrast with fi nd-
ings in patients with ischaemic stroke [ 43 ]. Mean SBP also increased steeply in the 
days and weeks before ICH, but not before ischaemic stroke. SBP appeared to rise 
substantially after ICH compared with usual premorbid values, and the reported dif-
ference between the highest SBP within 3 h of onset was 50 mmHg higher, on aver-
age, than the maximum premorbid SBP. Larger acute BP increases during ICH have 
been reported in Black populations than in Caucasian groups [ 44 ]. 

 Rapid BP changes, with a substantial acute BP rise, seem to be specifi c for the 
ICH subtype of stroke, while in ischaemic stroke, acute post-event SBP tends to be 
much closer to premorbid values [ 43 ]. A possible explanation may be that ICH 
causes acute elevations in intracranial pressure more often than ischaemic stroke 
[ 45 ], followed by a refl ex increase in systemic BP (the so-called Cushing triad: 
hypertension, bradycardia and breathing pattern abnormalities) [ 46 ]. Raised BP 
tends to decline spontaneously, primarily in the fi rst few hours after intracerebral 
bleeding. Consistent with the data mentioned above, in the fi rst 24 h after stroke, BP 
usually falls much more after ICH than after major ischaemic stroke [ 43 ]. However, 
in a substantial proportion of ICH patients, BP remains increased. 

 High BP in the acute phase after ICH has been associated with haematoma 
expansion [ 5 ], neurological deterioration and death and dependency [ 6 ,  47 ]. 
Furthermore, ICH patients with pathologically raised BP have more severe oedema 
and a higher risk of early stroke recurrence [ 22 ,  35 ,  36 ]. Therefore, BP-lowering 
therapy may potentially reduce the ICH-related burden. Not only mean BP values 
are of clinical importance in ICH patients. In a recent large, prospective random-
ized trial, BP variations in the fi rst 24 h, and for several days after ICH, have been 
shown to be independent predictors of a poor outcome [ 48 ]. This may refl ect the 
transient character of many individual factors associated with the initial pressor 
response, with episodic hypertension most likely to be related to the pathomecha-
nisms of ICH triggering and progression. Moreover, raised BP may be both a risk 
factor and a risk marker for intracerebral bleeding and subsequent intracranial 
hypertension [ 8 ]. 
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 Factors associated with a poor outcome after ICH (other than BP) include 
older age [ 49 ,  50 ], large haemorrhage volume [ 17 ,  51 – 53 ], reduced level of con-
sciousness [ 6 ,  54 ], extravasation with continued bleeding [ 49 ], haematoma 
expansion [ 31 ,  55 ], hydrocephalus and intraventricular involvement [ 17 ,  51 ,  54 ]. 
Patients with ICH are at high risk of other cardiovascular events, including recur-
rent ICH [ 56 ]. Hypertension and older age are important risk factors for ICH 
recurrence [ 57 ,  58 ]. A deep location of the initial and recurrent haemorrhage is 
more common in Asians, while in Caucasians, most ICHs (both initial and recur-
rent) tend to be located more superfi cially (in the lobes of the brain) [ 57 ,  59 ].  

12.5     BP Management After ICH 

 Population-based studies show that most patients present with small ICH that are 
readily survivable with good medical care [ 60 ]. This suggests that excellent medical 
care probably has a potent, direct impact on ICH morbidity and mortality. The goal 
of ICH treatment is to prevent and reverse acute brain injury and prevent neurologi-
cal impairment and disability. The evidence shows that management in an acute 
stroke unit improves outcomes compared with care on a general ward, reducing 
mortality and dependency in patients with ICH [ 61 ]. This may partially be explained 
by continuous monitoring of vital functions, including BP, and early treatment of 
complications by stroke units. 

 The treatment of acute BP elevation in ICH has been controversial for decades. 
The theoretical concept justifying early BP lowering in ICH patients is that it attempts 
to limit cerebral haemorrhage growth, which occurs mainly in the fi rst few hours after 
stroke onset [ 12 ,  62 ], and to reduce cerebral oedema and minimize the risk of early 
hypertensive emergencies, including stroke recurrence, in the acute phase of 
ICH. However, the treatment plan should consider the potential risk of ischaemic 
injury to peri-haematoma areas or other vascular beds and the potentially higher dis-
ability and mortality, especially when the fall in BP in the acute phase is large and 
rapid [ 63 ]. In fact, acute BP-lowering therapy may be associated with ischaemic 
strokes remote from the primary haematoma in patients with ICH, as evidenced by 
recent MRI studies [ 64 ]. However, there is some evidence showing that reduced 
metabolism [ 65 ] and preserved autoregulation, the two typical features of the peri-
haematoma region [ 66 ], might prevent any injury associated with SBP lowering. As 
indicated in recent prospective studies of acute ICH, BP reduction decreases haema-
toma expansion but has no adverse effect on peri-haematoma blood fl ow [ 4 ,  67 – 70 ]. 

 There is also long-standing clinical debate on the optimal BP values in ICH, 
which should probably depend on coexisting individual factors including age, pre- 
existing hypertension, intracranial pressure, presumed cause of bleeding and time 
from stroke onset. The initial data on the effects of BP lowering in ICH were con-
fl icting, with positive [ 68 ,  71 ,  72 ], neutral [ 73 ] and negative [ 63 ,  74 ,  75 ] effects 
attributed to SBP reduction. These clinical uncertainties were refl ected in the het-
erogeneous expert-based recommendations for optimal BP lowering in acute ICH 
(Table  12.1 ).
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   There is now growing evidence supporting the safety of early intensive BP low-
ering after ICH. Observational studies suggest that more aggressive BP lowering 
may have a greater effect on reductions in haematoma growth (Table  12.2 ).

   The Antihypertensive Treatment of Acute Cerebral Haemorrhage (ATACH) trial 
was a small multicentre open-label pilot trial to determine the safety of intravenous 
nicardipine-based BP lowering in 60 patients with chronic hypertension and 
SBP > 170 mmHg presenting within 12 h after supratentorial ICH. Patients were 
enrolled into one of three tiers of increasing BP-lowering intensity (170–200, 140–170, 
110–140 mmHg). Aggressive SBP lowering (110–140 mmHg) was well tolerated 
and safe [ 79 ]. 

 The Intensive Blood Pressure Reduction in Acute Cerebral Haemorrhage Trial 
(INTRERACT) included over 400 predominantly Chinese patients with acute ICH 
diagnosed by computed tomography within 6 h of stroke onset, and with SBP in the 
range of 150–220 mmHg, and no defi nitive indication or contraindication to BP 
treatment. Patients were assigned to intensive therapy (target SBP of 140 mmHg) or 
standard AHA guideline therapy (target SBP of 180 mmHg). After 24 h, SBP 
decreased to 146 mmHg in the intensive therapy group and to 157 mmHg in the 
standard therapy group. Mean proportional haematoma growth was lower in the 
intensive treatment group (13.5 % vs. 36.3 %;  p  = 0.04), although there was no 
clinical benefi t at 90 days but also no higher risk of adverse events or poorer out-
comes. An optimum attenuation of haematoma growth was demonstrated at SBP 
of 130–140 mmHg [ 4 ]. This was particularly true for very early intensive blood 
pressure lowering [ 67 ]. 

 Thus, while the ATACH study was the fi rst to prove the feasibility and toler-
ability of early intensive SBP lowering, the INTERACT found an additional 
positive effect of this type of therapy, namely, a reduction in haematoma 
expansion. 

 The recently completed INTERACT2 study of approximately 2,800 patients 
with an acute ICH showed improved functional recovery without any harm after 

   Table 12.1    Suggested previous guidelines recommendations for BP-lowering treatment in 
patients with acute ICH   

 Start medication  Target 
  ICH  
 American Heart 
Association [ 76 ] 

 Systolic BP > 200 mmHg or 
MAP > 150 mmHg 
 Systolic BP > 180 mmHg or 
MAP > 130 mmHg and possibility of 
elevated ICP 
 Systolic BP > 180 mmHg or 
MAP > 130 mmHg and no evidence 
of elevated ICP 

 Aggressive reduction in BP 
 Reducing BP while 
maintaining CPP ≥ 60 mmHg 
 Moderate reduction in BP, 
e.g. MAP < 110 mmHg or BP 
 <160/90 mmHg 

 International Society of 
Hypertension [ 77 ] 

 >220/120 mmHg  Up to 20 % reduction 

 Stroke Foundation of 
New Zealand [ 78 ] 

 >180/100 mmHg  Systolic BP < 180 mmHg or 
mean BP < 130 mmHg 

   MAP  mean arterial pressure,  ICP  intracranial pressure,  CPP  cerebral pulse pressure  
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an intensive strategy of BP lowering in patients with ICH. Exclusion criteria 
included (1) a clear indication for, or a contraindication to, intensive BP lowering; 
(2) severe neurological symptoms, concurrent medical conditions, a high likeli-
hood of death within 24 h or massive ICH; and (3) early planned surgical inter-
vention. The aggressive BP control (target SBP <140 mmHg) in very early (<6, 
mean time to start therapy about 3.7) hours after ICH onset was associated with a 
reduction in haematoma growth, as demonstrated in the INTERACT study and, 
more importantly, with safety and better functional outcome, as shown in the 
ordinal analysis of the dichotomous modifi ed Rankin scale (mRS), although not 
in the primary outcome, which was the dichotomous mRS (i.e. there was a non-
signifi cant 4 % absolute treatment effect ( p  = 0.06) on the primary outcome of 
death or major disability) [ 12 ]. 

 The BP-lowering protocols were based on locally available intravenous 
agents, as the antihypertensive drugs were not prespecifi ed in the trial. Only one-
third of patients achieved the target SBP value within 1 h (half achieved the tar-
get by 6 h), and most (75 %) presented with mild-to-moderate (<20 mL) 
haematomas [ 82 ]. 

 Nonetheless, the INTERACT2 study has generally been interpreted as a posi-
tive trial, demonstrating both radiological and clinical benefi t. Moreover, the 
more aggressive BP lowering was associated with a better outcome, with an opti-
mal BP target around 130–139 mmHg achieved within the fi rst 6 h [ 83 ]. Optimal 
recovery from ICH was observed in hypertensive patients who achieved the 
greatest SBP reductions (≥20 mmHg) in the fi rst hour and which were main-
tained for 7 days [ 84 ]. 

 The Stroke Acute Management with Urgent Risk Factor Assessment and 
Improvement – Intracerebral Haemorrhage (SAMURAI-ICH) evaluated the effects 
of BP lowering in 211 Japanese patients with ICH and SBP > 180 mmHg [ 85 ]. 
Patients were treated with intravenous nicardipine within 3 h of stroke onset. The 
aim of the study was to achieve SBP between 120 and 160 mmHg and to maintain 
it in this range for the fi rst 24 h. BP reduction was related to the reduction in the risk 
of haematoma expansion in the acute period and neurological deterioration and 
functional status at 3 months. 

 In the SCAST trial, over 200 (14 %) patients had ICH. Unfortunately, the treat-
ment of elevated BP with candesartan (mean time to start therapy about 18 h) did 
not reduce, but increased, the risk of a poor outcome. It might be speculated that, if 
BP lowering is time dependent in ICH, the BP-altering intervention may have been 
too late in this trial. Alternatively, candesartan, as an angiotensin receptor blocker, 
might be not the best option for lowering BP in ICH. 

 The Continue or Stop Post-Stroke Antihypertensives Collaborative Study 
(COSSACS) enrolled patients with a recent stroke (time window 48 h) taking anti-
hypertensive drugs. The majority of participants had ischaemic stroke, although 
15 % of patients recruited had an ICH. At the study end point of 2 weeks, the con-
tinued treatment group had systolic/diastolic BP that was 13/8 mmHg less than the 
stop treatment group. However, there were no differences in rates of death and 
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dependency, the primary end point, or in the rates of serious adverse events, 
6-month mortality or cardiovascular events. The continuation of BP-lowering 
agents did not have any signifi cant effi cacy on adverse events. Nevertheless, it 
should be stressed that the absolute number of ICH subjects enrolled in the trial 
was relatively small. 

 Thus, although the available evidence is insuffi cient to provide accurate guid-
ance on the management of BP in the acute phase of ICH, there is recent evidence 
supporting very early aggressive BP control during this phase. Consequently, it 
seems reasonable that urgent initiation of the time-sensitive procedure of BP lower-
ing should be made in the emergency department. Specifi c protocols for the man-
agement of ICH should be developed for more effi cient, standardized management 
of patients with ICH.  

12.6     Current Guideline Recommendations 

 The current American Stroke Association [ 82 ] and European Stroke Organization 
[ 86 ] guidelines recommend reduction of SBP to <140 mmHg in ICH patients 
presenting with SBP between 150 and 220 mmHg and with no contraindication 
to acute BP treatment. Acute lowering of SBP to 140 mmHg is regarded safe 
and may be effective in improving functional outcomes and may be superior 
to an SBP target of <180 mmHg. For ICH patients presenting with systolic 
BP > 220 mmHg, it may be reasonable to consider aggressive BP reduction 
and frequent BP monitoring. A lower limit for safe reduction is undefined. 
Short-acting and easily titratable antihypertensive infusions are preferred 
(Table  12.3 ).

   Table 12.3    Short and rapidly acting intravenous antihypertensive agents that may be considered 
for control of elevated BP in patients with ICH   

 Agent  Dosing  Onset/duration of action 
 Labetalol  5–20 mg IV bolus every 15 min, up to 2 mg/

min IV infusion 
 2–5 min/4–6 h 

 Nicardipine  5–15 mg/h IV infusion  5–15 min/4–6 h 
 Esmolol  500 μg/kg IV bolus or 25–300 μg/kg/min IV 

infusion 
 120 s/18–30 min 

 Urapidil  12.5–25 mg IV bolus or 5–40 mg/h IV 
infusion 

 1–5 min/1–2 h 

 Enalaprilat  1.25 to 5 mg every 6 h IVP  15 min/12–24 h 
 Hydralazine  10–20 mg IV bolus  10 min/> 1 h 
 Nipride  0.1–10 μg/kg/min IV infusion  Unset immediately while 

giving 
 Nitroglycerine  5–100 mg/min as IV infusion  2–5 min/5–10 min 

  Modifi ed from Aiyagari et al. [ 87 ] 
  IVP  intravenous push  
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12.7        Future Directions and Ongoing Studies 

 Further trials are needed to identify the optimal timing and the best drug classes for 
lowering high BP in ICH. There are no data on drugs specifi c for ICH patients. In 
some pivotal trials, the feasibility of calcium channel blockers has been shown. 
However, the optimal choice of drug and intensity of treatment remain elusive. The 
benefi ts (and potential risks) of aggressive BP management may vary according to 
age and comorbidities. 

 The ATACH II study – ongoing trial for intensive lowering of elevated BP within 
3.5 h with nicardipine IV – will provide information about any differential effect 
between populations. 

 Other vascular factors, such as BP variability, the presence of obstructive sleep 
apnoea [ 88 ], obesity, frequent alcohol use [ 89 ] and illicit drug use [ 90 ], which have 
been linked to elevated BP and ICH, should also be considered in both the acute and 
chronic care of ICH patients.     

   References 

    1.    Chin JH, Vora N (2014) The global burden of neurologic diseases. Neurology 83:349–351  
    2.    Feigin VL, Forouzanfar MH, Krishnamurthi R et al (2014) Global and regional burden of 

stroke during 1990–2010: fi ndings from the Global Burden of Disease Study 2010. Lancet 
383:245–254  

     3.    O’Donnell MJ, Xavier D, Liu L et al (2010) Risk factors for ischaemic and intracerebral haem-
orrhagic stroke in 22 countries (the INTERSTROKE study): a case-control study. Lancet 
376:112–123  

      4.    Arima H, Anderson CS, Wang JG et al (2010) Lower treatment blood pressure is associated 
with greatest reduction in hematoma growth after acute intracerebral hemorrhage. Hypertension 
56:852–858  

    5.    Kazui S, Minematsu K, Yamamoto H, Sawada T, Yamaguchi T (1997) Predisposing factors to 
enlargement of spontaneous intracerebral hematoma. Stroke 28:2370–2375  

      6.    Fogelholm R, Avikainen S, Murros K (1997) Prognostic value and determinants of fi rst-day 
mean arterial pressure in spontaneous supratentorial intracerebral hemorrhage. Stroke 
28:1396–1400  

    7.    Vemmos KN, Tsivgoulis G, Spengos K et al (2004) U-shaped relationship between mortality 
and admission blood pressure in patients with acute stroke. J Intern Med 255:257–265  

    8.    Ohwaki K, Yano E, Nagashima H, Hirata M, Nakagomi T, Tamura A (2004) Blood pressure 
management in acute intracerebral hemorrhage: relationship between elevated blood pressure 
and hematoma enlargement. Stroke 35:1364–1367  

   9.    Okumura K, Ohya Y, Maehara A, Wakugami K, Iseki K, Takishita S (2005) Effects of blood 
pressure levels on case fatality after acute stroke. J Hypertens 23:1217–1223  

    10.    Zhang Y, Reilly KH, Tong W et al (2008) Blood pressure and clinical outcome among patients 
with acute stroke in Inner Mongolia, China. J Hypertens 26:1446–1452  

     11.    Sakamoto Y, Koga M, Yamagami H et al (2013) Systolic blood pressure after intravenous anti-
hypertensive treatment and clinical outcomes in hyperacute intracerebral hemorrhage: the 
stroke acute management with urgent risk-factor assessment and improvement-intracerebral 
hemorrhage study. Stroke 44:1846–1851  

       12.    Anderson CS, Heeley E, Huang Y et al (2013) Rapid blood-pressure lowering in patients with 
acute intracerebral hemorrhage. N Engl J Med 368:2355–2365  

12 Management of High Blood Pressure in Intracerebral Haemorrhage



168

    13.    Tsai C-F, Thomas B, Sudlow CLM (2013) Epidemiology of stroke and its subtypes in Chinese 
vs white populations: a systematic review. Neurology 81:264–272  

    14.    Feigin VL, Lawes CM, Bennett DA, Barker-Collo SL, Parag V (2009) Worldwide stroke inci-
dence and early case fatality reported in 56 population-based studies: a systematic review. 
Lancet Neurol 8:355–369  

    15.    Van Asch CJ, Luitse MJ, Rinkel GJ, van der Tweel I, Algra A, Klijn CJ (2010) Incidence, case 
fatality, and functional outcome of intracerebral haemorrhage over time, according to age, sex, 
and ethnic origin: a systematic review and meta-analysis. Lancet Neurol 9:167–176  

    16.    Poon MTC, Fonville AF, Al-Shahi SR (2014) Long-term prognosis after intracerebral haemor-
rhage: systematic review and meta-analysis. J Neurol Neurosurg Psychiatry 85:660–667  

      17.    Portenoy RK, Lipton RB, Berger AR, Lesser ML, Lantos G (1987) Intracerebral haemorrhage: 
a model for the prediction of outcome. J Neurol Neurosurg Psychiatry 50:976–979  

   18.    Barber M, Roditi G, Stott DJ, Langhorne P (2004) Poor outcome in primary intracerebral 
haemorrhage: results of a matched comparison. Postgrad Med J 80:89–92  

    19.    Tatu L, Moulin T, El Mohamad R, Vuillier F, Rumbach L, Czorny A (2000) Primary intracere-
bral hemorrhages in the Besançon stroke registry. Initial clinical and CT fi ndings, early course 
and 30-day outcome in 350 patients. Eur Neurol 43:209–214  

     20.    Eastern Stroke and Coronary Heart Disease Collaborative Research Group (1998) Blood pres-
sure, cholesterol, and stroke in eastern Asia. Lancet 352:1801–1807  

     21.    Lawes CMM, Rodgers A, Bennett DA et al (2003) Blood pressure and cardiovascular disease 
in the Asia Pacifi c region. J Hypertens 21:707–716  

     22.    Arakawa S, Saku Y, Ibayashi S, Nagao T, Fujishima M (1998) Blood pressure control and 
recurrence of hypertensive brain hemorrhage. Stroke 29:1806–1809  

    23.    Ariesen MJ, Claus SP, Rinkel GJE, Algra A (2003) Risk factors for intracerebral hemorrhage 
in the general population: a systematic review. Stroke 34:2060–2065  

    24.    Rapsomaniki E, Timmis A, George J et al (2014) Blood pressure and incidence of twelve car-
diovascular diseases: lifetime risks, healthy life-years lost, and age-specifi c associations in 
1 · 25 million people. Lancet 383:1899–1911  

    25.    Thrift AG, McNeil JJ, Forbes A, Donnan GA (1998) Three important subgroups of hyperten-
sive persons at greater risk of intracerebral hemorrhage. Hypertension 31:1223–1229  

     26.    Meretoja A, Strbian D, Putaala J et al (2012) SMASH-U: a proposal for etiologic classifi cation 
of intracerebral hemorrhage. Stroke 43:2592–2597  

    27.    Yeh S-J, Tang S-C, Tsai L-K, Jeng J-S (2014) Pathogenetical subtypes of recurrent intracere-
bral hemorrhage: designations by SMASH-U classifi cation system. Stroke 45:2636–2642  

    28.    Sessa M (2008) Intracerebral hemorrhage and hypertension. Neurol Sci 29(Suppl 
2):S258–S259  

    29.    Mizukami M, Kin H, Araki G, Mihara H, Yoshida Y (1976) Surgical treatment of primary 
intracerebral hemorrhage- part 1: new angiographical classifi cation. Stroke 7:30–36  

    30.    Davis SM, Broderick J, Hennerici M et al (2006) Hematoma growth is a determinant of mor-
tality and poor outcome after intracerebral hemorrhage. Neurology 66:1175–1181  

     31.    Brott T, Broderick J, Kothari R et al (1997) Early hemorrhage growth in patients with intrace-
rebral hemorrhage. Stroke 28:1–5  

   32.    Fujii Y, Tanaka R, Takeuchi S, Koike T, Minakawa T, Sasaki O (1994) Hematoma enlargement 
in spontaneous intracerebral hemorrhage. J Neurosurg 80:51–57  

    33.    Kazui S, Naritomi H, Yamamoto H, Sawada T, Yamaguchi T (1996) Enlargement of spontane-
ous intracerebral hemorrhage. Incidence and time course. Stroke 27:1783–1787  

    34.    Flibotte JJ, Hagan N, O’Donnell J, Greenberg SM, Rosand J (2004) Warfarin, hematoma 
expansion, and outcome of intracerebral hemorrhage. Neurology 63:1059–1064  

     35.    Gebel JM, Jauch EC, Brott TG et al (2002) Natural history of perihematomal edema in patients 
with hyperacute spontaneous intracerebral hemorrhage. Stroke 33:2631–2635  

     36.    Carhuapoma JR, Hanley DF, Banerjee M, Beauchamp NJ (2003) Brain edema after human 
cerebral hemorrhage: a magnetic resonance imaging volumetric analysis. J Neurosurg 
Anesthesiol 15:230–233  

D. Gasecki et al.



169

    37.    Gong C, Hoff JT, Keep RF (2000) Acute infl ammatory reaction following experimental intra-
cerebral hemorrhage in rat. Brain Res 871:57–65  

    38.    Xue M, Del Bigio MR (2000) Intracortical hemorrhage injury in rats: relationship between 
blood fractions and brain cell death. Stroke 31:1721–1727  

    39.    Wallace JD, Levy LL (1981) Blood pressure after stroke. JAMA 246:2177–2180  
   40.    Harper G, Castleden CM, Potter JF (1994) Factors affecting changes in blood pressure after 

acute stroke. Stroke 25:1726–1729  
   41.    Robinson TG, Potter JF (2004) Blood pressure in acute stroke. Age Ageing 33:6–12  
     42.    Qureshi AI, Ezzeddine MA, Nasar A et al (2007) Prevalence of elevated blood pressure in 

563,704 adult patients with stroke presenting to the ED in the United States. Am J Emerg Med 
25:32–38  

      43.    Fischer U, Cooney MT, Bull LM et al (2014) Acute post-stroke blood pressure relative to pre-
morbid levels in intracerebral haemorrhage versus major ischaemic stroke: a population- based 
study. Lancet Neurol 13:374–384  

    44.    Zahuranec DB, Wing JJ, Edwards DF et al (2012) Poor long-term blood pressure control after 
intracerebral hemorrhage. Stroke 43:2580–2585  

    45.    Qureshi AI, Mendelow AD, Hanley DF (2009) Intracerebral haemorrhage. Lancet 
373:1632–1644  

    46.    Fodstad H, Kelly PJ, Buchfelder M (2006) History of the cushing refl ex. Neurosurgery 
59:1132–1137; discussion 1137  

    47.    Willmot M, Leonardi-Bee J, Bath PMW (2004) High blood pressure in acute stroke and sub-
sequent outcome: a systematic review. Hypertension 43:18–24  

    48.    Manning L, Hirakawa Y, Arima H et al (2014) Blood pressure variability and outcome after 
acute intracerebral haemorrhage: a post-hoc analysis of INTERACT2, a randomised controlled 
trial. Lancet Neurol 13:364–373  

     49.    Becker KJ, Baxter AB, Bybee HM, Tirschwell DL, Abouelsaad T, Cohen WA (1999) 
Extravasation of radiographic contrast is an independent predictor of death in primary intrace-
rebral hemorrhage. Stroke 30:2025–2032  

    50.    Daverat P, Castel JP, Dartigues JF, Orgogozo JM (1991) Death and functional outcome after 
spontaneous intracerebral hemorrhage. A prospective study of 166 cases using multivariate 
analysis. Stroke 22:1–6  

     51.    Tuhrim S, Dambrosia JM, Price TR et al (1991) Intracerebral hemorrhage: external validation 
and extension of a model for prediction of 30-day survival. Ann Neurol 29:658–663  

   52.    Mayer SA, Sacco RL, Shi T, Mohr JP (1994) Neurologic deterioration in noncomatose patients 
with supratentorial intracerebral hemorrhage. Neurology 44:1379–1384  

    53.    Leira R, Dávalos A, Silva Y et al (2004) Early neurologic deterioration in intracerebral hemor-
rhage: predictors and associated factors. Neurology 63:461–467  

     54.    Lisk DR, Pasteur W, Rhoades H, Putnam RD, Grotta JC (1994) Early presentation of hemi-
spheric intracerebral hemorrhage: prediction of outcome and guidelines for treatment alloca-
tion. Neurology 44:133–139  

    55.    Fujii Y, Takeuchi S, Sasaki O, Minakawa T, Tanaka R (1998) Multivariate analysis of predictors 
of hematoma enlargement in spontaneous intracerebral hemorrhage. Stroke 29:1160–1166  

    56.    Arima H, Tzourio C, Butcher K et al (2006) Prior events predict cerebrovascular and coronary 
outcomes in the PROGRESS trial. Stroke 37:1497–1502  

     57.    Hanger HC, Wilkinson TJ, Fayez-Iskander N, Sainsbury R (2007) The risk of recurrent stroke 
after intracerebral haemorrhage. J Neurol Neurosurg Psychiatry 78:836–840  

    58.    Izumihara A, Suzuki M, Ishihara T (2005) Recurrence and extension of lobar hemorrhage 
related to cerebral amyloid angiopathy: multivariate analysis of clinical risk factors. Surg 
Neurol 64:160–164; discussion 164  

    59.    Inagawa T (2005) Recurrent primary intracerebral hemorrhage in Izumo City, Japan. Surg 
Neurol 64:28–35; discussion 35–6  

    60.    Zahuranec DB, Gonzales NR, Brown DL et al (2006) Presentation of intracerebral haemor-
rhage in a community. J Neurol Neurosurg Psychiatry 77:340–344  

12 Management of High Blood Pressure in Intracerebral Haemorrhage



170

    61.    Langhorne P, Fearon P, Ronning OM et al (2013) Stroke unit care benefi ts patients with intra-
cerebral hemorrhage: systematic review and meta-analysis. Stroke 44:3044–3049  

    62.    Anderson CS, Huang Y, Wang JG et al (2008) Intensive blood pressure reduction in acute 
cerebral haemorrhage trial (INTERACT): a randomised pilot trial. Lancet Neurol 7:391–399  

     63.    Qureshi AI, Bliwise DL, Bliwise NG, Akbar MS, Uzen G, Frankel MR (1999) Rate of 24-hour 
blood pressure decline and mortality after spontaneous intracerebral hemorrhage: a retrospec-
tive analysis with a random effects regression model. Crit Care Med 27:480–485  

    64.    Kidwell CS, Heiss W-D (2012) Advances in stroke: imaging. Stroke 43:302–304  
    65.    Kim-Han JS, Kopp SJ, Dugan LL, Diringer MN (2006) Perihematomal mitochondrial dys-

function after intracerebral hemorrhage. Stroke 37:2457–2462  
    66.    Powers WJ, Zazulia AR, Videen TO et al (2001) Autoregulation of cerebral blood fl ow sur-

rounding acute (6 to 22 hours) intracerebral hemorrhage. Neurology 57:18–24  
      67.    Anderson CS, Huang Y, Arima H et al (2010) Effects of early intensive blood pressure- lowering 

treatment on the growth of hematoma and perihematomal edema in acute intracerebral hemor-
rhage: the Intensive Blood Pressure Reduction in Acute Cerebral Haemorrhage Trial 
(INTERACT). Stroke 41:307–312  

    68.    Qureshi AI, Palesch YY, Martin R et al (2010) Effect of systolic blood pressure reduction on 
hematoma expansion, perihematomal edema, and 3-month outcome among patients with intra-
cerebral hemorrhage: results from the antihypertensive treatment of acute cerebral hemorrhage 
study. Arch Neurol 67:570–576  

   69.    Koch S, Romano JG, Forteza AM, Otero CM, Rabinstein AA (2008) Rapid blood pressure 
reduction in acute intracerebral hemorrhage: feasibility and safety. Neurocrit Care 8:316–321  

    70.    Xu M (2011) Effect of blood pressure lowering strategy on the enlargement of hematoma and 
clinical outcome in patients with acute intracerebral haemorrhage. Chinese J Cerebrovasc Dis 
8:23–27  

    71.    Meyer JS, Bauer RB (1962) Medical treatment of spontaneous intracranial hemorrhage by the 
use of hypotensive drugs. Neurology 12:36–47  

    72.    Suri MFK, Suarez JI, Rodrigue TC et al (2008) Effect of treatment of elevated blood pressure 
on neurological deterioration in patients with acute intracerebral hemorrhage. Neurocrit Care 
9:177–182  

    73.    Itabashi R, Toyoda K, Yasaka M et al (2008) The impact of hyperacute blood pressure lowering 
on the early clinical outcome following intracerebral hemorrhage. J Hypertens 26:2016–2021  

    74.    Powers WJ (1993) Acute hypertension after stroke: the scientifi c basis for treatment decisions. 
Neurology 43:461–467  

    75.    Kuwata N, Kuroda K, Funayama M, Sato N, Kubo N, Ogawa A (1995) Dysautoregulation in 
patients with hypertensive intracerebral hemorrhage. A SPECT study. Neurosurg Rev 
18:237–245  

    76.    Morgenstern LB, Hemphill JC, Anderson C et al (2010) Guidelines for the management of 
spontaneous intracerebral hemorrhage: a guideline for healthcare professionals from the 
American Heart Association/American Stroke Association. Stroke 41:2108–2129  

    77.    Bath P, Chalmers J, Powers W et al (2003) International Society of Hypertension (ISH): state-
ment on the management of blood pressure in acute stroke. J Hypertens 21:665–672  

    78.    Stroke Foundation of New Zealand and New Zealand Guidelines Group (2010) Clinical guide-
lines for stroke management 2010. Stroke Foundation of New Zealand, Wellington  

     79.    Qureshi AI (2007) Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH): 
rationale and design. Neurocrit Care 6:56–66  

    80.    Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH) Investigators (2010) 
Antihypertensive treatment of acute cerebral hemorrhage. Crit Care Med 38:637–648  

    81.    Sandset EC, Bath PMW, Boysen G et al (2011) The angiotensin-receptor blocker candesartan 
for treatment of acute stroke (SCAST): a randomised, placebo-controlled, double-blind trial. 
Lancet 377:741–750  

     82.    Hemphill JC, Greenberg SM, Anderson CS et al (2015) Guidelines for the management of 
spontaneous intracerebral hemorrhage: a guideline for healthcare professionals from the 
American Heart Association/American Stroke Association. Stroke 46:2032–2060  

D. Gasecki et al.



171

    83.    Arima H, Heeley E, Delcourt C et al (2015) Optimal achieved blood pressure in acute intrace-
rebral hemorrhage: INTERACT2. Neurology 84:464–471  

    84.    Wang X, Arima H, Heeley E et al (2015) Magnitude of blood pressure reduction and clinical 
outcomes in acute intracerebral hemorrhage: intensive blood pressure reduction in acute cere-
bral hemorrhage trial study. Hypertension 65:1026–1032  

    85.    Sakamoto Y, Koga M, Todo K et al (2015) Relative systolic blood pressure reduction and clini-
cal outcomes in hyperacute intracerebral hemorrhage: the SAMURAI-ICH observational 
study. J Hypertens 33:1069–1073  

    86.    Steiner T, Al-Shahi Salman R, Beer R et al (2014) European Stroke Organisation (ESO) guide-
lines for the management of spontaneous intracerebral hemorrhage. Int J Stroke 9:840–855  

    87.    Grysiewicz RA, Ruland SD (2011) Hypertensive encephalopathy and acute blood pressure 
management after hemorrhagic stroke. In: Aiyagari V, Gorelick P (eds) Hypertension and 
stroke. Pathophysiology and management. Humana Press, New York  

    88.    Pontes-Neto OM, Fernandes RMF, Sander HH et al (2010) Obstructive sleep apnea is frequent 
in patients with hypertensive intracerebral hemorrhage and is related to perihematoma edema. 
Cerebrovasc Dis 29:36–42  

    89.    Woo D, Sauerbeck LR, Kissela BM et al (2002) Genetic and environmental risk factors for 
intracerebral hemorrhage: preliminary results of a population-based study. Stroke 
33:1190–1195  

    90.    Gee P, Tallon C, Long N, Moore G, Boet R, Jackson S (2012) Use of recreational drug 1,3 
Dimethylamylamine (DMAA) [corrected] associated with cerebral hemorrhage. Ann Emerg 
Med 60:431–434    

12 Management of High Blood Pressure in Intracerebral Haemorrhage



173© Springer International Publishing Switzerland 2016
A. Coca (ed.), Hypertension and Brain Damage, Updates in Hypertension and 
Cardiovascular Protection, DOI 10.1007/978-3-319-32074-8_13

        M.   Doménech    •    M.   Camafort    •    A.   Coca      (*) 
  Hypertension and Vascular Risk Unit, Department of Internal Medicine , 
 Hospital Clínic (IDIBAPS), University of Barcelona ,   Barcelona ,  Spain   
 e-mail: acoca@clinic.ub.es  

  13      Secondary Stroke Prevention                     

       Mónica     Doménech    ,     Miguel     Camafort    , and     Antonio     Coca    

13.1           Introduction 

 Stroke is the third most frequent cause of death after cancer and heart disease in 
developed countries and the fi rst cause of death among women in many countries. It 
is also one of the major causes of disability worldwide, and the burden will increase 
in the next 20 years, mainly due to ageing [ 1 ,  2 ]. High blood pressure (BP) is one of 
the most important risk factors for development of stroke. A continuous relationship 
between levels of BP and the occurrence of stroke has been well established, and 
this association has been seen for both systolic (SBP) and diastolic (DBP) compo-
nents, without a clear threshold where risk disappears [ 3 – 5 ]. 

 Evidence from hypertension treatment trials has shown that even relatively small 
reductions in BP, such as 5–6 mmHg in DBP or 10–12 mmHg in SBP during 
3–5 years, may reduce the risk of the fi rst stroke by more than one-third, and meta- 
analyses of randomised controlled trials in hypertensive patients have shown that 
reductions in BP are associated with a reduction in the risk of stroke of up to 40 % 
[ 6 – 9 ]. On the other hand, the persistence of higher BP levels after stroke can increase 
the risk of its recurrence [ 10 ]. About one-third of strokes occur in subjects with a 
previous cerebrovascular event, either transient ischaemic attack (TIA) or stroke, 
and more than 50 % occur in individuals with previous vascular events in any arte-
rial territory [ 11 – 13 ]. 

 As discussed in Chap.   11    , high BP is frequent in the setting of acute ischaemic 
stroke, although data on its immediate management are few and discordant and the 
optimal time to initiate antihypertensive therapy remains uncertain [ 14 ]. In this 
chapter, we review the evidence on hypertension as a risk factor for recurrent strokes 
and the role of antihypertensive treatment in secondary stroke prevention. 
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Cardiovascular prevention is much more effective when managed globally includ-
ing all cardiovascular risk factors involved. However, in this chapter, we only will 
review current evidence and recommendations on antihypertensive treatment, 
because treatment of other associated cardiovascular risk factors that play a role in 
stroke recurrence have been addressed in other chapters of the book.  

13.2     High Blood Pressure and Other Cardiovascular Risk 
Factors Related to the Risk of Recurrent Stroke 

13.2.1     High Blood Pressure and Risk of Recurrent Stroke 

 All forms of hypertension are related to stroke, including isolated diastolic and systolic 
hypertension, which is more prevalent in elderly people, and the combination of both. 
All have been shown to increase the risk of stroke, although the impact may be stronger 
for systolic than for diastolic hypertension. As the most important modifi able risk fac-
tor for stroke, epidemiological studies have found that stroke is more common than 
myocardial infarction in hypertensive patients [ 15 – 18 ]. Large-scale observational stud-
ies have demonstrated that usual levels of BP are positively and continuously associ-
ated with the risk of stroke in a log-linear fashion, and this relationship is observed 
from systolic levels as low as 115 mmHg and diastolic levels as low as 70 mmHg [ 15 , 
 16 ]. The relationship between BP and stroke risk remains virtually unchanged after 
adjustment for serum cholesterol levels, smoking, alcohol or a history of previous car-
diovascular disease [ 19 ]. Similar associations appear to exist between BP and the risk 
of recurrent stroke although much of the evidence comes from smaller cohort and 
observational studies. Data from the United Kingdom Transient Ischaemic Attack (UK 
TIA) Collaborative Group showed that a 10 mmHg reduction in usual SBP was associ-
ated with a 28 % reduction in the risk of recurrent stroke [ 19 ]. 

 Although a continuous relationship between both SBP and DBP and the occurrence 
of stroke has been well established, there is epidemiological evidence from the MRFIT 
study that the systolic component may exert a strong deleterious effect on cerebrovas-
cular disease [ 20 ]. It is also known that increased arterial stiffness results in increased 
characteristic impedance of the aorta and increased pulse wave velocity, which 
increases systolic and pulse pressures. Large-artery stiffness is the main determinant of 
pulse pressure. Data from the SHEP study [ 21 ] showed an 11 % increase in stroke risk 
and a 16 % increase in the risk of all-cause mortality for each 10 mmHg increase in 
pulse pressure, and aortic stiffness assessed by carotid- femoral pulse wave velocity is 
an independent predictor of fatal stroke in patients with essential hypertension.  

13.2.2     Other Cardiovascular Risk Factors and Risk of Recurrent 
Stroke 

 Type 2 diabetes mellitus (DM-2) is a major risk factor for CV disease, with 15–33 % 
of all patients with ischaemic stroke having DM-2 [ 22 – 24 ]. Even though the best 
evidence supports that diabetes is a risk factor for the fi rst episode of stroke [ 25 ,  26 ], 
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stronger evidence supporting diabetes as a risk factor for recurrent stroke is needed. 
Anyway, DM-2 appears to be an independent predictor of recurrent stroke in 
population- based studies [ 27 ], and 9.1 % of recurrent strokes has been estimated to 
be attributable to diabetes [ 28 ,  29 ]. Furthermore, observational studies have sug-
gested that undiagnosed diabetes could be highly prevalent in stroke cohorts [ 30 ]. 
Dyslipidaemia, smoking habits and alcohol intake are also major modifi able risk 
factors for stroke recurrence and have been already discussed in Chaps.   2     and   3    .   

13.3     Evidence of the Relationship Between Antihypertensive 
Therapy and Secondary Stroke Prevention 

 Treatment of high blood pressure is probably the most important intervention for 
secondary prevention of ischaemic stroke. More than 10 years ago, a systematic 
review of the relationship between BP reduction and secondary stroke prevention 
and other vascular events [ 31 ] analysed seven randomised, controlled trials: the 
Dutch TIA trial with atenolol [ 32 ], the PATS with indapamide [ 33 ], the HOPE trial 
with ramipril [ 34 ], the PROGRESS with perindopril, with or without indapamide 
[ 11 ], and three other smaller trials [ 35 – 37 ] with a combined sample size of 15,527 
participants. All of them had a previous ischaemic or haemorrhagic stroke and were 
studied from 3 weeks to 14 months after the event and followed for 2–5 years. 
Treatment with antihypertensive drugs was associated with signifi cant reductions in 
all recurrent strokes. The overall reductions in stroke and all vascular events were 
related to the degree of BP lowering achieved, while data on the relative benefi ts of 
specifi c antihypertensive regimens for secondary stroke prevention were not clear. 

 The PATS (Post-Stroke Antihypertensive Treatment Study) was a Chinese trial 
in which 5665 patients with a recent TIA or minor stroke (hemorrhagic or isch-
aemic) were randomised to indapamide or placebo. Patients were eligible regardless 
of baseline BP (mean SBP was 153 mmHg in the placebo group and 154 mmHg in 
the indapamide group). During an average of 24 months of follow-up, the mean 
SBP fell by 6.7 and 12.4 mmHg in the placebo and indapamide groups, respectively. 
The main outcome of recurrent stroke was observed in 44.1 % of patients assigned 
to placebo and 30.9 % of those assigned to indapamide (relative risk reduction 
[RRR], 30 %; 95 % confi dence interval [CI], 14–43 %) [ 33 ]. 

 The HOPE trial [ 34 ] investigated the effect of ramipril in patients at high risk for 
cardiovascular events. Since 11 % of patients included had had a prior stroke, an 
approach to stroke secondary prevention effi cacy could be made in this subgroup: 
the results showed a nonsignifi cant 17 % reduction in the relative risk of stroke 
recurrence. 

 The PROGRESS [ 11 ] study was specifi cally designed to test the effects of a 
BP-lowering regimen, including an ACE inhibitor, in 6105 patients with stroke or 
TIA within the previous 5 years. Randomisation was stratifi ed by intention to use 
single (perindopril) or combination (perindopril plus the diuretic indapamide) ther-
apy in both hypertensive and normotensive patients. The combination therapy 
reduced BP by a mean of 12/5 mmHg and resulted in a 43 % (95 % CI: 30–54) 
reduction in the risk of recurrent stroke (Figs.  13.1  and  13.2 ). The benefi cial effects 
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were observed in both the hypertensive and normotensive groups. However, there 
was no signifi cant benefi t when the ACE inhibitor was given alone (reducing BP by 
an average of 5/3 mmHg). A recent new analysis found no differences between 
isolated systolic or diastolic hypertension [ 38 ] or between obese, overweight or 
normal weight individuals [ 39 ].

    In the MOSES study, which tested the effi cacy of the ARB eprosartan compared 
with the CCB nitrendipine on secondary stroke prevention, fewer cerebrovascular 
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  Fig. 13.1    Blood pressure lowering and secondary prevention of stroke in the PROGRESS study. All 
stroke types (except for unknown type) were prevented by active treatment (Adapted from Ref. [ 11 ])       
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  Fig. 13.2    Blood pressure lowering and secondary prevention of stroke in the PROGRESS study. 
Only patients treated in combination therapy showed a signifi cant 43 % reduction in stroke recur-
rence (mean SBP/DBP reduction = 12.3/5.0 mmHg). Patients treated in monotherapy only had a 
SBP/DBP reduction of 4.9/2.8 mmHg and had no benefi t (Adapted from Ref. [ 11 ])       
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and cardiovascular events were observed in eprosartan-treated patients despite a 
similar BP reduction [ 40 ]. A total of 1405 high-risk hypertensives with cerebral 
events during the last 24 months were randomised to eprosartan or nitrendipine 
(mean follow-up 2.5 years). The primary end point was the composite of total mor-
tality and all cardiovascular and cerebrovascular events, including all recurrent 
events. The combined primary end point was signifi cantly lower in the eprosartan 
group, mainly due to a reduction in cerebrovascular events. 

 The Prevention Regimen for Effectively Avoiding Second Strokes (PRoFESS) trial 
is another large-scale randomised trial of antihypertensive medications after stroke 
tested the effi cacy of telmisartan versus placebo in preventing the recurrence of isch-
aemic stroke [ 41 ]. A total of 20,332 subjects with previous ischaemic stroke were 
randomly assigned to telmisartan or placebo within 90 days of an ischaemic stroke. In 
this trial, telmisartan was not associated with a reduction in recurrent stroke (hazard 
ratio [HR] 0.95; 95 % CI 0.86–1.04) or major cardiovascular events (HR, 0.94; 95 % 
CI, 0.87–1.01) during the mean 2.5-year follow-up. However, some factors could have 
biased the results: the BP-lowering arm was statistically underpowered, and the differ-
ence in BP between the treatment groups was small (SBP differed by 5.4 mmHg at 
1 month and 4.0 mmHg at 1 year) due to nonadherence to telmisartan and more 
aggressive treatment with other antihypertensive medications in the placebo group, 
and this may have reduced the impact of treatment on stroke recurrence. 

 In a combined analysis of the PRoFESS [ 41 ] and TRANSCEND [ 42 ] trials that 
assessed whether telmisartan would be effective in patients intolerant to ACE inhibitors 
with cardiovascular disease or diabetes with end-organ damage, the incidence of the 
composite of stroke, myocardial infarction or vascular death was 12.8 % for telmisartan 
versus 13.8 % for placebo (hazard ratio 0.91; 95 % CI 0.85–0.98,  p  = 0.013) [ 43 ]. 

 Another unresolved question is whether the risk of recurrent stroke is associated 
with higher and lower SBP levels. A post hoc observational analysis of the PRoFESS 
trial was made to assess the association between maintaining low-normal vs. high- 
normal SBP levels and the risk of recurrent stroke [ 44 ]. The primary outcome was 
the fi rst recurrence of stroke of any type and the secondary outcome was a compos-
ite of stroke, myocardial infarction or death from vascular causes. SBP levels during 
follow-up in the very low-normal (< 120 mmHg), high (140–150 mmHg) or very 
high (> 150 mmHg) range were associated with increased risk of recurrent stroke, 
supporting the idea of a J-curve for BP levels in secondary stroke prevention. 

 The Secondary Prevention of Small Subcortical Strokes (SPS3) [ 45 ] included 3020 
patients with lacunar (small-vessel disease) strokes who were randomised in an open-
label study to two different target levels of SBP control: <150 mmHg vs. <130 mmHg. 
At baseline, mean SBP was 145 mmHg in the higher-target group and 144 mmHg in 
the lower-target group. At 12 months, achieved average SBP was 138 mmHg in the 
higher-target group versus 127 mmHg in the lower-target group. The primary out-
come of recurrent stroke was observed in 152 patients assigned to higher-target group 
and 125 assigned to the lower-target group, but differences were not signifi cant (HR, 
0.81; 95 % CI, 0.64–1.03). Serious complications of hypotension were observed in 15 
patients assigned to the higher-target group and 23 assigned to the lower-target group 
(0.40 % per year; HR, 1.53; 95 % CI, 0.80–2.93). In a very recent post hoc analysis of 
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the SPS3 trial data [ 46 ], the authors evaluated the association of mean achieved blood 
pressure, 6 months after randomisation and recurrent stroke, major vascular events 
and all-cause mortality. After a mean follow-up of 3.7 years, there was a J-shaped 
association between achieved blood pressure and outcomes; the lowest risk was at 
systolic blood pressure about 124 mmHg and about 67 mmHg for diastolic blood 
pressure. The lowest risk of all events occurred at a nadir between 120 and 128 mmHg 
systolic blood pressure and between 65 and 70 mmHg diastolic blood pressure values. 
Future studies should evaluate the impact of excessive blood pressure reduction, espe-
cially in older populations with preexisting vascular disease. 

 In fact, the only trial specifi cally designed to explore this issue is the European 
Society of Hypertension– Chinese Hypertension League Stroke in Hypertension 
Optimal Treatment trial (SHOT) [ 47 ], a prospective, multinational, randomised trial 
with a 3×2 factorial design comparing three different SBP targets (< 145–135 vs. 
< 135–125 vs. < 125 mmHg) and two different LDL-C targets (2.8–1.8 mmol/l vs. 
<1.8 mmol/l). The trial is ongoing and will be conducted on 7500 patients aged at 
least 65 years (2500 in Europe and 5000 in China) with hypertension and a stroke 
or TIA 1–6 months before randomization. The primary outcome is time to stroke 
(fatal and nonfatal). 

 In summary, according to the American Stroke Association [ 48 ], antihyperten-
sive treatment is recommended for the prevention of recurrent stroke. Because this 
benefi t extends to persons with and without a history of hypertension, this recom-
mendation should be considered for all ischaemic stroke and TIA patients although 
with different evidence levels:

•    Initiation of BP therapy is indicated for previously untreated patients with isch-
aemic stroke or TIA who, after the fi rst several days, have an established BP 
≥ 140 mmHg systolic or ≥ 90 mmHg diastolic ( Class I ;  Level of Evidence B ).  

•   Initiation of therapy for patients with SBP < 140 and DBP < 90 mmHg is of 
uncertain benefi t ( Class IIb ;  Level of Evidence C ).  

•   Goals for target BP level or reduction from pretreatment baseline are uncertain 
and should be individualised, but it is reasonable to achieve a SBP < 140 mmHg 
and a DBP < 90 mmHg ( Class IIa ;  Level of Evidence B ).    

 For patients with a recent lacunar stroke, it might be reasonable to target a SBP 
of < 130 mmHg ( Class IIb ;  Level of Evidence B ).  

13.4     Evidence of the Relationship Between Treatment 
of Other Cardiovascular Risk Factors and Secondary 
Stroke Prevention 

 Although DM-2 is an important risk factor for vascular events, no specifi c guide-
lines are available for DM-2 treatment in patients with stroke. Correct glycaemic 
control may reduce the impact and burden of microvascular complications and 
lower the risk of small-artery atherosclerotic disease. Therefore, current guidelines 
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on secondary prevention of cardiovascular diseases recommend a goal for glucose 
and HbA1c of near-normoglycaemic levels (i.e. glycated haemoglobin < 7 %) for 
patients with diabetes and recent stroke [ 48 ,  49 ]. 

 Three large, randomised controlled trials have compared aggressive glycae-
mic control with standard therapy in patients with DM-2 with a history of car-
diovascular disease, stroke or additional vascular risk factors. All failed to 
demonstrate a reduction in cardiovascular events or death in patients treated 
with intensive glucose therapy and, although the studies were not designed to 
measure stroke outcomes, they showed no reduced incidence of stroke with tight 
glycaemic control. In the ACCORD trial 10,251 patients were randomly 
assigned to an intensive treatment programme targeting an HbA1c level of ≤ 6 % 
vs. a standard programme with a target HbA1c level of 7–7.9 %. The trial was 
halted after a mean of 3.5 years of follow-up due to an increased risk of death in 
patients randomised to the intensive treatment programme. There was no sig-
nifi cant difference in the rate of nonfatal stroke or in the primary end point, 
which was a composite of nonfatal heart attack, nonfatal stroke, and death due 
to a cardiovascular cause [ 50 ]. 

 The ADVANCE trial also found no benefi t in the secondary prevention of cardio-
vascular events. A total of 11,140 patients with DM-2 and a history of macrovascu-
lar disease or another risk factor were randomly assigned to intensive glucose 
control (target HbA1c ≤ 6.5 %) or standard glucose control (target > 7 %): 9 % of 
patients had a history of stroke. There was no signifi cant reduction in the occurrence 
of macrovascular events alone, although there were no signifi cant differences in 
mortality rate between groups [ 51 ]. 

 Finally, the Veterans Affairs Diabetes Trial assigned 1791 patients with DM-2 to 
intensive blood glucose treatment or standard treatment, with no signifi cant differ-
ence between the two groups [ 52 ]. The results of these trials indicate that glycaemic 
targets should not be lowered to HbA1c < 6.5 % in patients with high added cardio-
vascular risk or those with a previous stroke or TIA. The benefi cial effects of statin 
treatment in patients with dyslipidaemia and stroke to improve functional outcomes 
and stroke recurrence have been reviewed in Chap.   2    .     
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       Eila     Monteagudo    ,     Cristina     Sierra    , and     Antonio     Coca    

14.1           Introduction 

 Cardiovascular disease (CVD) remains the leading cause of death among Europeans 
and people worldwide. The Global Burden of Disease Study estimated that, glob-
ally, 29.6 % of all deaths (15, 616.1 million) were caused by CVD in 2010, more 
than all communicable, maternal, neonatal and nutritional disorders combined, and 
twice the number of deaths caused by cancer [ 1 ]. The burden of CVD in Europe 
remains heavy, although the prevalence varies dramatically between countries. 
More than four million Europeans die of CVD every year, and many more are hos-
pitalized after acute episodes or are treated for chronic cardiovascular ill health [ 2 ]. 

 The percentage of the population affected by hypertension, one of the main risk 
factors for CVD, is remarkably high and, according to numerous studies, the preva-
lence will continue to increase as will that of coexisting diseases [ 3 ]. This increase has 
put hypertension under the spotlight of the health industry, which creates substantial 
implications for public policy and raises the need for health strategies in order to both 
manage and prevent hypertension and its consequences. Hypertension has three main 
target organs: the heart, the kidneys and the brain. All three are routinely assessed in 
hypertensive patients in the clinical setting in order to evaluate the deleterious effects 
of high blood pressure in the arteries and the structure of these organs. The evaluation 
of silent heart or kidney damage induced by hypertension in routine assessments was 
introduced some time ago, but the examination of the effects of high blood pressure 
on the brain remains less robust and is rarely carried out. 

 Despite this, progress in imaging techniques has led to an improvement in silent 
cerebral disease evaluation over the last decade. Therefore, investigating the degree 
of neurological damage has been added to the examination of heart and kidney 
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complications, including the risk of stroke, dementia and problems in cognitive 
function. In fact, impaired cognitive function, along with hypertension, has become 
one of the leading and most devastating health problems worldwide. The incidence 
of cognitive decline is increasing rapidly, in tandem with the ageing population and 
the rise of vascular disease. Over time, this is leading to a signifi cantly large number 
of people who are suffering a loss of autonomy and are becoming disabled. For this 
reason, there has been an increase in the diagnosis of cognitive disorders. However, 
this increase comprises not only severe disorders such as Alzheimer’s disease and 
vascular dementia but also slighter changes in cognition, such as subjective cogni-
tive failures (SCF). 

 In this chapter we synthesize current available evidence on SCF and its relation-
ship with hypertension, as well as highlighting available antihypertensive treatment 
for SCF, focusing on the antihypertensive drugs proven to have a positive effect on 
the incidence of dementia.  

14.2     Subjective Cognitive Failures 

 SCF, also known as subjective cognitive complaints, subjective cognitive impair-
ment or subjective cognitive decline, are concerns about a person’s cognitive func-
tion. They may be due to one’s self-awareness or may be reported by someone close 
to the subject. SCF express complaints of poor cognitive function such as forgetting 
things a person should be familiar with or fi nding it diffi cult to remember the name 
of a close friend. SCF are especially common in elderly people and, normally, the 
fi rst report of this memory complaint is presented to the family physician, who must 
decide whether it may be clinically relevant. 

 SCF are relevant in many disorders. A good example is that concerns about 
changes in cognition have been included as one of the diagnostic criteria for mild 
cognitive impairment [ 4 ]. In addition, some experts are starting to consider SCF as 
early markers or predictors of cognitive decline and even dementia, after fi nding 
independent associations between objective and subjective cognitive impairment 
[ 5 ]. In other words, these complaints are related to objective changes in cognition 
and, accordingly, might represent an early sign of cognitive dysfunction [ 6 ]. Thus, 
they provide a way of identifying subjects at risk of dementia.  

14.3     Pathophysiology of Impairment in Cognitive Function 

 Several factors have been associated with SCF, although studies have shown different 
and even opposing relationships. Some of these associations might be expected, for 
example, those with cardiovascular risk factors such as hypertension, age or mood 
disorders, while others may be unexpected, like higher social class and having a col-
lege education, worse physical health or even gender [ 7 ], all of which have been 
linked with SCF. Two other interesting factors have been found to be related to cogni-
tive dysfunction in patients with SCF: aortic stiffness and episodes of hypotension. 
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 Age stands out as one of the most studied factors. However, despite often being 
associated with the elderly as a result of physiological ageing, SCF are not by any 
means confi ned to a specifi c age group, as found by numerous studies carried out in 
middle-aged rather than elderly people during recent decades [ 8 ]. Hence, age is 
considered a confounding factor in the presentation of cognitive decline and SCF, 
even though it has been shown that SCF may appear at earlier ages. Therefore, they 
should be referred to as a sign of a pathological process rather than regarding them 
exclusively as a condition that takes place during the natural course of life. 

 Another confounding factor in the progression of SCF is some affective disor-
ders, particularly depression, which has led to differing opinions about whether 
SCF are a sign of cognitive dysfunction or simply the result of disorders in mood 
and affection. For instance, Montejo et al. [ 9 ] found that depression was a decisive 
factor in the process that leads to complaints about cognition but so was cognitive 
performance, while Miranda et al. [ 10 ] concluded that SCF are associated with 
objective memory impairment independently of depressive symptoms. On the other 
hand, Zlatar et al. [ 11 ] stated the SCF were more probably a consequence of depres-
sion instead of an outcome of concurrent cognitive impairment. Moreover, affective 
disorders have not only been considered crucial contributors to the presentation of 
SCF but also to their severity [ 12 ]. In any case, it is clear that depression is, practi-
cally without exception, related to SCF, which leads to the need to develop success-
ful markers for the decline in cognition in order to decide whether a complaint is 
related to mood disorders or may be independently associated with objective 
impairment. 

 Aortic stiffness assessed by carotid-femoral pulse wave velocity (PWV) and epi-
sodes of hypotension have also been related to SCF. A study which investigated 
both factors found that a higher PWV, indicating an increase in aortic stiffness, 
together with a rise in arterial pulsatility led to remodelling of the microvascular 
system, resulting in microcirculation damage. This, together with increased vascu-
lar resistance and impairment in cerebral blood fl ow autoregulation, makes patients 
much more vulnerable to hypotension and even ischaemia, which results in cogni-
tive decline. The resulting worse cognitive function may then be expressed by the 
patient as SCF, even when global cognitive function might appear normal [ 13 ].  

14.4     The Role of Hypertension in Cognitive Decline 

 As stated, high blood pressure – the main object of this review – is one of the factors 
that may cause damage to several organs, of which the brain is one of the most vul-
nerable. Although the mechanisms are yet not fully understood, damage at both mac-
rovascular and microvascular levels should be taken into account, as it is thought 
there are important interactions between the two levels [ 14 ]. Furthermore, it is likely 
that the vascular damage caused by hypertension represents a potential risk factor for 
cognitive dysfunction and that it contributes to cognitive decline through complex 
mechanisms which include hypertrophy and contraction of smooth muscle vascular 
vessels – leading to a reduced lumen and increased vascular resistance − endothelial 
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lesions and dysfunction and increased vascular stiffness due to the synthesis of col-
lagen fi bres [ 15 ]. These mechanisms, which are shown in Fig.  14.1 , may alter cere-
bral blood fl ow, metabolism and structure.

   With respect to the early cerebrovascular damage that hypertension may cause, 
there are different pathological processes that might be implicated, and a differen-
tiation should be made between functional and structural abnormalities. These pos-
sible processes are shown in Fig.  14.2 . It seems clear that essential hypertension 
may be implicated in the development of cognitive impairment and that this is asso-
ciated with cerebral small vessel disease (cSVD). In some cases this damage is 
silent and may only be detected by radiological fi ndings, particularly magnetic reso-
nance imaging (MRI). Moreover, over the past few years, there has been a consider-
able increase in reports investigating the relationship between SCF and markers of 
cSVD, which has led to the hypothesis that complaints are probably an indication of 
brain changes, even when no objective cognitive decline can be confi rmed.
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  Fig. 14.1    Main cerebrovascular pathophysiological changes related to hypertension (Modifi ed 
from Ref. [ 16 ])       
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   More articles have been published on the issue of cognitive decline and hyper-
tension in the last 5 years than in the previous thirty. As stated, the theory that SCF 
appear due to factors like depression has prevailed over many years as a result of the 
invariably strong relationship between them. However, this assumption is now being 
challenged by more recent research which has found an association between cSVD 
and both objective and subjective complaints [ 17 ]. 

 Nevertheless, research studying the association between SCF and hypertension 
is still limited in some aspects. As stated, hypertension is known to be a modifi able 
vascular risk factor which can lead to cSVD and cognitive impairment which, in 
turn, can be studied by MRI. In fact, in a study by van Norden et al. [ 18 ] concluded 
that SCF has a detectable radiologic pathologic-anatomic substrate. Thus, MRI 
could become a tool to fi nd surrogate markers of cSVD, which would be important 
for the study of silent brain damage.  

14.5     Structural Bases of Cognitive Decline 

 There are four main signs of cSVD that may appear as a result of hypertension and 
can be detected and seen by MRI. These are white matter hyperintensities (WMH), 
cerebral microbleeds (CMB), lacunar infarcts (LI) and enlarged perivascular spaces 
(EPS). Markers of vascular changes, either structural or functional, may be related 
to these four signs, as shown in Fig.  14.2 .
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  Fig. 14.2    Functional and structural changes observed at an early stage of cerebrovascular damage 
related to hypertension (Modifi ed from Ref. [ 16 ])       
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    1.     White matter hyperintensities : Microvascular alterations caused by hypertension 
may lead to hypoperfusion, hypoxia and ischaemia in the terminal distributions 
of the affected vessels. When these territories contain white matter, this process 
will alter it and cause a loss of myelin. These white matter lesions can then be 
seen as hyperintensities in T2-weighted MRI images (see Fig.  14.3 ). Kearney- 
Schwartz et al. [ 19 ] found that microvascular alterations such as arterial stiffen-
ing and endothelial dysfunction correlated with cognitive impairment and WMH 
in a population of elderly hypertensive subjects who presented memory com-
plaints. Moreover, the study also found that the severity of WMH is inversely 
associated with memory function scores. Thus, studies seem to imply that hyper-
tension is a major risk factor for WMH which, in turn, can lead to cognitive 
dysfunction or dementia.

       2.     Cerebral microbleeds : CMB are another sign of hypertension-related cSVD. They 
also participate, as vascular factors, in neurodegenerative disorders and can be 
seen on MRI, where they are defi ned as punctuate homogenous foci of low signal 
intensity on T2-weighted images (Fig.  14.4 ). It has been proposed that, depend-
ing on the location in the brain, CMB might have different etiologies. 
Hypertension, together with atherosclerosis, is thought to increase the risk of 
CMB in deep or infratentorial areas [ 20 ]. CMB have been associated with SCF 

  Fig. 14.3    Axial plane of a 
FLAIR MRI sequence. The 
hyperintense areas in the 
parenchyma correspond to 
white matter lesions that 
appear as a result of 
microvascular alterations 
and ischaemia       
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in a study that emphasized the need to actively inquire about cognitive com-
plaints in hypertensive patients, as they may represent a symptom of cognitive 
impairment caused by CMB [ 21 ]. This study highlighted the need for consider-
ation of both neuropsychological assessment and brain imaging in these patients. 
Another study found that CMB are related to SCF, independently of WMH and 
LI, and suggested they are associated with the earliest expressions of cognitive 
impairment. The study made no adjustment for vascular risk factors such as 
hypertension, as they were accepted as an important component of the causal 
sequence between CMB and SCF [ 17 ].

       3.     Lacunar infarcts : These are identifi ed as sharply demarcated hyperintense 
lesions in T2-weighted images, with corresponding hypointense lesions with a 
hyperintense rim on Fluid-attenuated inversion recovery (FLAIR). They have 
also been linked to cognitive functioning, although their contribution to impair-
ment has not yet been defi nitively established. The number of LI has been found 
to be a signifi cant predictor of executive performance, with a higher number of 
LI being associated with poorer execution, even in subjects who were considered 
to be cognitively and functionally normal [ 22 ]. New LI onset on MRI has been 
associated with a steeper decline in executive functioning and psychomotor 
speed, although no relationship was found with memory or global cognitive 
function [ 23 ]. Moreover, studies have investigated the effects of LI on different 
cognitive domains in cases in which there is a combination of vascular changes. 

  Fig. 14.4    MRI sequence 
(gradient-echo sequence) 
of small foci of 
hypointensities. These low 
signal intensity lesions 
correspond to cerebral 
microbleeds       
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One study focused on both LI and WMH and the domains of memory, processing 
speed and motor function in the elderly and found a solid association between 
the two signs of cSVD in all three domains. The study concluded that both WMH 
and LI had negative effects on cognition, which were greater when the two brain 
lesions were combined rather than presenting alone [ 24 ].   

   4.     Enlarged perivascular spaces : EPS (also known as Virchow-Robin spaces) are 
also a marker of cSVD [ 25 ] and are thought to determine cognitive impairment 
in small vessel disease. They appear as rounded or linear-shaped lesions with a 
smooth margin and an absence of mass effect and are isointense to cerebrospinal 
fl uid on T2-weighted images but hypointense on FLAIR images without a hyper-
intense rim. Like LI, they frequently coexist with WMH and other brain lesions. 
Although there are few studies on the subject, it has been postulated that an MRI 
fi nding of EPS probably implies decreased cognitive function, even in healthy 
subjects [ 26 ].    

  In summary, WMH, CMB, LI and EPS have all been identifi ed as lesions which 
appear as a result of cSVD. They represent silent damage to the brain and, although 
they have mostly been studied individually and each has been linked to impaired 
cognition, they also correlate strongly with each other. A study by Huijts et al. [ 27 ] 
which investigated the combined effect of these markers on different domains of 
cognitive function (memory, executive function, information processing speed and 
overall cognition) found that the accumulation of these markers of brain damage 
resulted in worse cognitive functioning. Additionally, all four markers of silent dam-
age have been linked to hypertension and cognitive function, and, as stated, relation-
ships between objective and subjective cognitive impairment have been shown [ 5 ].  

14.6     Prevention of Cognitive Impairment 
by Antihypertensive Treatment: Current Evidence 

 Throughout this chapter we have presented a large amount of research and informa-
tion explaining the importance of hypertension and its relationship with cognitive 
function and dementia. Therefore, the question is: Is it possible to stop or delay the 
onset of dementia or cognitive impairment or its progression if changes in cognitive 
function have already been detected, either objectively or subjectively, by reducing 
blood pressure levels? 

 Many studies have investigated the potential effects of blood pressure reduction 
on cognition. A meta-analysis by Levi et al. [ 28 ] investigated the impact that differ-
ent antihypertensive drugs had on dementia and cognitive functioning and concluded 
that treating high blood pressure reduced the incidence of cognitive impairment and 
dementia. This benefi cial effect was observed for overall cognition and all cognitive 
functions except for language, with a reduction in risk of dementia of 9 %. Their sug-
gestion for the absence of a favourable effect on language was that the area that 
controls this function might remain unaffected by hypertension. However, not all 
studies have shown this benefi cial effect, and there is, as yet, no consensus [ 29 ]. 

E. Monteagudo et al.



191

 Godin et al. [ 30 ] investigated the incidence and progression of WMH in 
hypertensive patients. Blood pressure and the WMH total volume were mea-
sured in patients aged ≥ 65 years over a 4-year period, with the difference 
in WMH volume being measured by MRI at baseline and after 4 years. The 
study found that WMH were not only much more frequent in older patients 
and those diagnosed with hypertension, diabetes or stroke but also in patients 
with uncontrolled blood pressure despite sustained antihypertensive treatment. 
Moreover, more rapid progression of the lesions was associated with a steeper 
decrease in global cognitive performance throughout the 4-year follow-up. Two 
aspects associated with blood pressure were considered strong predictors of the 
progression of WMH volume, independently of confounders: blood pressure 
levels at baseline and changes in blood pressure during the 4-year follow-up. 
With respect to the effects of antihypertensive treatment on the progression of 
WMH, the study found a slowed progression in patients who had started effec-
tive treatment on entry to the study, especially those who had higher systolic 
blood pressure at baseline. Comparison of the volumes of WMH of treated 
patients who achieved strict blood pressure control with those who did not, 
despite receiving treatment, showed the former had less WMH progression. 
Figure  14.5  shows the interaction between high blood pressure levels and anti-
hypertensive treatment and their relationship with WMH load at baseline and 
their progression over 4 years.
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14.7        Are There Preferred Antihypertensive Drugs to Prevent 
Cognitive Impairment and Dementia? 

 Antihypertensive drugs that have been shown to have a benefi cial effect include 
calcium channel blockers (CCBs), angiotensin-converting enzyme inhibitors 
(ACEIs) and their combination with thiazide or thiazide-like diuretics and angio-
tensin receptor blockers (ARBs) [ 28 ,  29 ]. Not all studies investigating specifi c 
classes of antihypertensive drugs or their combinations have reached the same 
conclusions, and some have even found that some drugs may have a detrimental 
effect on cognition. ARBs have shown an important benefi cial effect and have 
been proposed by some authors as the most effective in preventing dementia and 
cognitive decline, not only when compared to placebo but also when studied in 
comparison with other drugs like β-blockers, ACEIs or thiazide diuretics [ 28 ]. It 
is reported that subjects receiving ARBs had superior cognitive performance 
compared to those receiving placebo. This superiority was also seen when com-
pared with the other types of drugs, except for CCBs, suggesting that ARBs and 
CCBs have a greater protective effect. The mean decrease in blood pressure was 
similar between the different drugs, which might be interpreted as meaning that 
not only reductions in blood pressure are favourable for cognitive function but 
that there might perhaps be specifi c mechanisms of action that differ between the 
diverse classes of antihypertensive drugs and may also play a role in their effect 
on cognition [ 28 ]. 

 With respect to class-specifi c effects, there are different interpretations of the 
mechanisms by which the positive effect is achieved, and some hypotheses have 
been proposed to explain these differences. On the one hand, ARBs might 
accomplish their benefi cial effect by blocking AT1 receptors which, in turn, 
increase the action of endogenous angiotensin II via AT2 receptors, leading to a 
memory- enhancing effect. The blockage of AT1 receptors might also increase 
the synthesis of angiotensin IV which, in turn, activates AT4 receptors, which 
are involved in memory acquisition and recall [ 28 ]. On the other hand, the ACEI 
perindopril might offer protection via its lipophilicity, which allows its inhibi-
tory action on the angiotensin- converting enzyme to occur at the cerebral level, 
resulting in an increase in cholinergic neurotransmission that would mitigate the 
decline in cognition [ 29 ]. Lipophilicity is also an outstanding characteristic 
shared by some CCBs that could explain their benefi cial effects on cognition. 
Lercanidipine has a highly lipophilic profi le and might have an antiatherogenic 
effect but may also inhibit the death of cerebral neurons, as already shown in rat 
models [ 29 ]. 

 Nevertheless, the evidence that some antihypertensive drugs are better than oth-
ers in reducing cognitive decline is not robust or supported by randomized clinical 
trials. At present, the evidence only shows that reductions in blood pressure due to 
antihypertensive drugs delay the incidence of dementia compared with placebo. 
Randomized controlled clinical trials are warranted to establish which is the best 
antihypertensive strategy and by which mechanisms cognitive impairment related to 
hypertension might be prevented or delayed.  
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14.8     Summary and Conclusions 

 Subjective cognitive failures are a refl ection of a pathological process occurring in 
the brain, for which hypertension, together with other associated cardiovascular risk 
factors, may bear a large share of the blame. For this reason, the detection of early 
cognitive complaints in hypertensive patients is important. Patients with hyperten-
sion presenting SCF should be tested for objective cognitive dysfunction because, 
although further studies are required to examine the long-term predictive value of 
SCF in hypertensive patients, they may be an early predictor of dementia. In addi-
tion, extensive study of the brain function and structure in these patients should be 
performed as a part of the target organ damage evaluation to stratify the total cardio-
vascular risk. This evaluation should include both a neuropsychological assessment 
and brain MRI. With respect to the neuropsychological assessment, further research 
is required to develop more valid, sensitive and adequate cognitive tests capable of 
detecting hypertensive patients with cognitive complaints at the general practitio-
ner’s offi ce, in order to instigate preventive measures aimed at stopping or delaying 
the progression of cognitive decline in patients at risk as early as possible. 
Randomized double-blind controlled clinical trials of antihypertensive treatments 
are required to determine the best blood pressure target and the best antihyperten-
sive strategy in these patients.     
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15.1           Introduction 

 Cognitive impairment is becoming increasingly common with the aging of societies 
and causes an immense social, economic, and emotional burden [ 11 ]. A greater 
understanding of the mechanisms leading to cognitive impairment with aging is 
becoming a top priority for research and public health. 

 Dementia has many etiologies, but the most common are Alzheimer’s disease 
(AD) and vascular dementia (VD). VD had traditionally been considered secondary 
to vascular disease and distinguished from AD, considered to be a purely neurode-
generative form of dementia. However, these two conditions often coexist, and there 
is strong evidence for a continuous spectrum of disease [ 38 ], suggesting an associa-
tion between vascular risk factors and dementia, including AD. Chronic hyperten-
sion, particularly midlife high blood pressure (BP), has been associated with an 
increased risk for cognitive decline, VD, and AD [ 20 ,  36 ]. 

 Indeed, there has been long-standing interest in a possible cause-and-effect rela-
tionship between elevated BP and cognitive outcome. The relationship has been 
debated over time and continues to be a focus of controversy, especially in terms of 
BP lowering as a means to prevent cognitive decline or dementia [ 50 ]. Despite the 
uncertainty surrounding a benefi t of BP lowering to prevent cognitive decline or 
dementia, there is mounting mechanistic and epidemiologic evidence to link ele-
vated BP to loss of cognition [ 50 ]. 
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 The mechanisms by which vascular risk factors increase the risk of developing 
cognitive impairment are not fully elucidated. Most of these factors, especially 
hypertension, have been shown to be associated with subcortical lesions seen on 
brain magnetic resonance imaging (MRI): white matter lesions (WML), lacunar 
infarctions, or cerebral microbleeds [ 34 ,  51 ]. 

 A large number of studies have reported strong relationships between indices of 
vascular aging, such as arterial stiffness, and either cognitive impairment or silent 
cerebral small vessel disease [ 44 ]. The exposure of small vessels to highly pulsatile 
pressure and fl ow may explain microvascular damage (especially periventricular 
WML) and resulting intellectual deterioration [ 44 ] and the pathogenesis of AD [ 15 ]. 

 A third of AD might be attributable to potentially modifi able risk factors (physi-
cal inactivity, smoking, midlife hypertension, midlife obesity, diabetes, and depres-
sion) [ 31 ]. Recent publications have reported that the incidence of dementia is 
declining, and this trend may obey to education quality improvements and better 
control of vascular risk factors [ 22 ]. 

 Observational and epidemiological studies have shown that antihypertensive 
therapy could have protective effects on cognitive impairment and dementia [ 11 ]. 
However few large BP-lowering trials have incorporated cognitive assessment or 
a diagnosis of dementia and the results are controversial. Meta-analyses of these 
trials neither prove nor disprove the effi cacy of antihypertensive treatment on 
dementia risk [ 11 ].  

15.2     Clinical Aspects of Cognitive Impairment 

 Cognitive impairment is defi ned by a progressive decline of some cognitive func-
tions that does not satisfy the diagnostic criteria of dementia. It precedes at least 
50 % of dementia onsets. Cognitive impairment can be assessed by neuropsycho-
logical tests, because it is not necessarily evident in daily living. Cognitive decline 
can affect the memory or other domains (perception, abstract thought, judgment, 
planning ability, and attention). Dementia is characterized by an intellective deterio-
ration that includes memory loss and one or more other neuropsychological altera-
tions, such as apraxia, agnosia, and aphasia, which interfere with social and 
occupational living. Mental alterations include progressive memory loss, space and 
temporal disorientation, loss of self-suffi ciency, and emotional depersonalization. 

 Vascular cognitive impairment (VCI) refers to the entire spectrum of vascular- 
related cognitive impairment, from mild to severe. Assessment of VCI requires a 
comprehensive cognitive battery that includes an evaluation of executive, memory, 
language, and spatial functions. 

 Cognitive impairment and dementia are one of the principal neurological disor-
ders in the elderly. Aging is associated with a marked increase in the prevalence and 
incidence of degenerative and VD. The estimated prevalence is around 8 % in peo-
ple aged ≥ 65 years and 15–20 % in those aged > 80 years [ 36 ]. AD accounts for 
50–60 % of cases of dementia and VD for 30 %. It is known that the prevalence of 
AD doubles every 4.3 years and that of VD every 5.3 years [ 11 ]. 
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 Hypertension is a major risk for cerebrovascular disease and therefore for 
VD. Traditionally, AD has been considered as a primary neurodegenerative disorder 
and not of vascular origin. However as mentioned before, emerging evidence sup-
ports the view that vascular risk factors and disorders may be involved in AD [ 2 ,  23 , 
 46 ]. It appears that there is a continuous spectrum ranging from patients with pure 
VD to patients with pure AD and including a large majority of patients with contri-
butions from both Alzheimer and vascular pathologies [ 51 ].  

15.3     Pathological Aspects of Cerebral Microvascular Disease 
Related to Cognitive Impairment 

 The most common form of VCI is the subcortical type [ 34 ]. There are different types 
of small vessel disease according to their pathogenesis. The two most frequent are 
arteriolosclerosis and cerebral amyloid angiopathy [ 34 ]. Multiple biological systems 
are involved in the pathogenesis of cerebrovascular disease (Table  15.1 ) [ 42 ]. 
Arteriolosclerosis is also known as age-related and vascular risk factor-related small 
vessel disease. Pathologically, this kind of small vessel disease is mainly characterized 
by loss of smooth muscle cells from the tunica media, deposits of fi brohyaline material, 
narrowing of the lumen, and thickening of the vessel wall. This form of the disease is a 
common and systemic type that also affects the kidneys and retinas and is strongly 
associated with aging, diabetes, and, in particular, hypertension [ 34 ]. For this reason it 
is also named hypertensive small vessel disease. Other possible pathological features 
of this form of microangiopathy are distal manifestations of atherosclerosis (microath-
eroma) and the presence of elongated and dilated vessels (microaneurysms).

   Hypertension and its consequent vascular brain damage compromise the func-
tioning of the blood-brain barrier and predispose to accumulation of beta-amyloid 
at both the brain parenchyma and vascular level [ 5 ,  37 ]. 

 Cerebral amyloid angiopathy is characterized by the progressive accumulation 
of congophilic, βA42 immunoreactive, amyloid protein in the walls of small-to- 
medium-sized arteries and arterioles predominantly located in the leptomeningeal 

   Table 15.1    Mechanisms of vascular aging and age-related brain changes that increase vascular 
vulnerability in the elderly and increase the risk of cerebrovascular disease   

 Vascular aging  Age-related brain changes 
 Oxidative stress and endothelial 
dysfunction 

 Increased brain-blood barrier permeability 

 Low-grade infl ammation  Tortuosity of white matter arterioles 
 Increased arterial stiffness  Reduced brain weight, expanded ventricles, increased 

choroids plexus volume 
 Upregulation of renin-angiotensin 
system 

 Small vessel disease 

 Impaired endothelial progenitor cell 
function 

 Cerebral amyloid angiopathy 

  Adapted from Ref. [ 42 ]  
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space, in the cortex, and, to a lesser extent, also in the capillaries and veins. Cerebral 
amyloid angiopathy is a pathological hallmark of AD, in which it is almost invari-
ably seen [ 19 ]. The beta-amyloid accumulation results from failure of beta-amyloid 
clearance from the brain [ 27 ]. This angiopathy is also very frequent in the general 
elderly population, and its frequency increases with age, occurring in up to 50 % of 
individuals in the ninth decade [ 28 ]. There is also an association between cerebral 
amyloid angiopathy and microbleeds on MRI [ 21 ], and it has also been associated 
with the presence of cerebral ischemic changes such as WML and microinfarcts [ 18 ].  

15.4     High Blood Pressure, Cerebral Circulation, 
and Cognition Function 

 High BP infl uences the cerebral circulation, causing adaptive vascular changes. 
Chronic intraluminal pressure stimulates the growth of smooth muscle cells and 
enhanced media thickness in resistance arteries that results in hypertrophic remod-
eling. Alternatively, inward remodeling may occur, leading to eutrophic remodel-
ing. Thus, hypertension infl uences the autoregulation of cerebral blood fl ow by 
shifting both the lower and upper limits of autoregulatory capacity toward higher 
BP, while hypertensive patients may be especially vulnerable to episodes of hypo-
tension, which may play a role in the development of silent cerebrovascular damage 
such as WML [ 34 ]. 

 Hypertension accelerates arteriosclerotic changes in the brain predisposing to 
atheroma formation in large diameter blood vessels and arteriosclerosis and arterio-
lar tortuosity of small vessels of the cerebral vasculature. These vascular changes, 
which include medial thickening and intimal proliferation, result in a reduced lumi-
nal diameter, increased resistance to fl ow, and a decline in perfusion [ 3 ,  34 ]. This 
hypoperfusion can produce discrete regions of cerebral infarction and diffuse isch-
emic changes in the periventricular and deep white matter causing vascular cogni-
tive impairment and may also contribute to the pathogenesis of AD by destabilizing 
neurons and synapses [ 3 ]. 

 AD and VCI are the two leading causes of cognitive impairment with the former 
characterized by early loss of episodic memory and the latter typically involving 
impairment of attention, information processing, and executive function [ 32 ].  

15.5     Hypertension and Risk of Cognitive Impairment 

 Long-term observational studies have reported that hypertension during midlife 
increases risk of cognitive impairment later in life [ 43 ]. In addition, there is some 
evidence that antihypertensive drug treatment could play a role in the prevention of 
cognitive impairment or vascular dementia through BP control [ 38 ]. By contrast, 
the effects of late-life BP on the brain are complex and less clear. In fact, several 
studies, particularly in old individuals or in patients with high cardiovascular risk, 
suggest that lower BP contributes to brain atrophy, cerebrovascular lesions, and 
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more rapid cognitive decline [ 36 ]. Although it is established that hypertension 
impairs cognition, one of the key issues still unsettled concerns the temporal rela-
tionships between BP elevation and cognitive decline. On the one hand, cross- 
sectional studies indicated that individuals with dementia have lower blood pressure, 
challenging the involvement of hypertension [ 16 ,  45 ]. On the other hand, longitudi-
nal studies, in which patient were followed for decades, revealed that individuals 
that develop dementia have a history of high BP earlier in life [ 16 ]. 

 Some studies have reported an increased incidence of dementia and AD in peo-
ple with low diastolic or systolic BP, especially in people aged ≥ 80 years [ 36 ]. The 
severity of atherosclerosis increases with age, resulting in high SBP and low DBP 
in later life. Severe atherosclerosis in the very elderly, as well as episodic or sus-
tained hypotension and, possibly, excessive treatment of hypertension, may induce 
cerebral hypoperfusion, ischemia, and hypoxia in this age group. 

 The mechanisms underlying hypertension-related cognitive changes are complex 
and not yet fully understood. As mentioned before, microvascular dysfunction and 
damage induced by hypertension leads to white matter disease, microinfarcts, and 
microhemorrhages, alterations closely correlated with the cognitive dysfunction [ 16 ].  

15.6     Hypertension and Cerebral Small Vessel Disease: 
Which Cognitive Domains Are Affected? 

 As mentioned before, limited but growing literature indicates that microvascular 
brain damage is a potent risk factor for cognitive decline in older individuals, espe-
cially hypertensives, and for the onset of dementia. Neuropsychological evaluation 
and also neuroimaging are required for assessment of its clinical consequences. 

 Each and every middle-aged or older individual with high CV risk and/or evi-
dence of stiffer and thicker large arteries should be screened for cognitive function 
and followed up for cognitive deterioration. Mild cognitive decline is a recently 
described syndrome that is thought to constitute a transition phase between healthy 
cognitive aging and dementia. 

 A major unsolved issue is whether there are cognitive domains specifi cally 
affected by cerebral small vessel disease and whether they differ from those more 
commonly detected in age-associated cognitive decline or in AD [ 40 ]. Although 
small vessel disease is commonly detected in patients with AD, there is a general 
hypothesis that cerebral small vessel disease electively and predominantly affects 
executive function, with slower information processing, impairment of the ability to 
shift from one task to another, and defi cits in the ability to hold and manipulate 
information [ 40 ]. Executive functions are not explored by the mini mental state 
examination (MMSE), the most widely adopted test for clinical screening of global 
cognitive function, which has a low sensitivity for VCI. The National Institute of 
Neurological Disorders and Stroke-Canadian Stroke Network harmonization stan-
dard has proposed the use of the Montreal Cognitive Assessment (MoCA) [ 12 ]. 
This newly designed screening test incorporates subtests assessing executive func-
tions and psychomotor speed [ 29 ] that are frequently impaired in VCI. 
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 Ideally, neuropsychological evaluation should include tests exploring multiple 
cognitive domains: executive function and activation, language, visuospatial ability, 
and memory. Efforts are being made to identify whether one brief test can provide 
useful insight into different domains, anatomical regions, and brain networks [ 40 ]. 

 Impairments in attention, perceptual processing, and executive function refl ect 
more specifi c damage to deep subcortical white matter circuits, many of which are 
located in the internal watershed area of the frontal lobe [ 6 ]. Chronic hypertension 
has a disproportionate effect on these areas because accelerated arteriosclerotic 
changes in non-communicating perforating arteries may not be reversible by BP 
reduction once established [ 4 ]. Furthermore, episodic or sustained hypotension and, 
possibly, excessive treatment of hypertension may induce cerebral hypoperfusion, 
ischemia, and hypoxia that may, in turn, compromise neuronal function and eventu-
ally evolve to a neurodegenerative process [ 3 ].  

15.7     How to Assess Cognitive Decline in Routine Clinical 
Practice 

 Unlike heart and kidney damage, silent structural and functional brain damage is 
usually underdiagnosed because it is not evaluated in routine clinical practice. 
Around 35 % of hypertensive patients have silent structural brain damage (WML, 
lacunar infractions, or microbleeds) without simultaneous heart or kidney damage 
[ 52 ]. Detection of silent vascular brain injury (VBI) is very important because the 
burden and its progression are closely related to hypertension treatment and BP 
control. Although MRI is considered the gold standard to assess silent structural 
damage, these silent lesions are related to cognitive status, which is not routinely 
assessed in clinical practice, and the early detection of cognitive dysfunction may be 
a costless alternative to assess brain damage induced by hypertension. The Healthy 
Heart Cognition Study, a cardiovascular prevention program in Villa María city 
(Argentina) that studied 1500 individuals, demonstrated that systolic BP increases 
as cognitive function decreases during the lifetime [ 53 ]. Therefore, assessing the 
cognitive status is an approach to the VBI, because there is growing evidence that 
VBI is related to the level of cognition. 

 The MMSE has been the most widely used tool to assess the cognitive status 
since 1975 and has been cited in more than 25,000 articles [ 54 ]. It is a screening tool 
for orientation, attention, memory, language, and visuoconstruction; i.e., it is useful 
to evaluate global cognition. Nevertheless, it has some weak points: It is infl uenced 
by age and educational level, it has low sensibility, and it does not explore executive 
function. 

 Executive dysfunction is the cognitive impairment characteristic of VBI that 
results from hypertensive damage to the small vessels [ 55 ,  57 ]. Arterial hyperten-
sion increases the risk of executive dysfunction fi vefold [ 56 ]. High BP results in 
demyelination of the association fi bers in the periventricular white matter and dis-
connects the dorsolateral prefrontal cortex from the subcortical structure (basal gan-
glia). The executive functions are those that allow us to plan, have abstract thoughts, 
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mental fl exibility, processing speed, and working memory. These functions allow us 
to make decisions in daily activities. 

 In our experience, the clock drawing test (CDT) is a simple, fast, and easy to 
administrate test that evaluates executive function, and it is not infl uenced by age or 
educational level. Drawing a big circle on the paper, we give the patient two orders: 
fi rst, draw all the numbers in the circle in order and the correct position; second, 
draw the hands pointing at “twenty to four.” Lack of planning or spatial organiza-
tion, the inability to transcode or draw the clock’s hand, and impairment of setting 
the time or perseverations are some common mistakes observed (Fig.  15.1 ).

   Other brief tests include the MoCA test [ 12 ] and the minimal cognitive examina-
tion [ 58 ]; however, in clinical practice, a rapid screening method such as the CDT is 
very useful in detecting cognitive impairment in hypertensive patients (Fig.  15.2 ) 
and may be better than the MMSE, because executive function is the cognitive 
domain most affected and possibly the fi rst to be affected. The CDT detects a mean 
of 20 % more cognitive impairment more than the MMSE (Fig.  15.3 ). This trend 
changes in patients aged ≥ 80 years, possibly due to greater impairment in other 
cognitive domains (memory, orientation) that are evaluated by the MMSE.

    Assessment of the cognitive status in hypertensive patients is essential because, 
in some cases, cognitive function may decline more than normal aging and crosses 
different thresholds. The fi rst threshold is the cognitive one, with patients suffering 
from mild cognitive impairment; later the functional threshold is crossed, with 
patients losing autonomy and presenting the fi rst symptoms of dementia or AD. The 
relationship between normal aging and dementia is dynamic and timely intervention 
can promote the regression, stabilization, or slowing in the progression of cognitive 
impairment. This was demonstrated by the FINGER study, in which a multidomain 
intervention (diet, exercise, cognitive training, and vascular risk monitoring) was 
able to improve or maintain cognitive functioning in at-risk elderly people [ 30 ].  

15.8     Cognitive Impairment: Connecting Large Arteries 
and Cerebral Small Vessel Disease 

 The association between large artery stiffening and cognitive impairment has been 
reported by several cross-sectional studies and has been confi rmed in longitudinal 
studies [ 44 ]. The mechanism of such association has not yet been fi rmly estab-
lished. It is hypothesized that the relationship between arterial stiffness and cogni-
tion may be mediated by small vessel disease. A recent systematic review suggests 
an association between arterial stiffness and cerebral small vessel disease and arte-
rial stiffness and decreased cognitive function [ 44 ]. However, the clinical use of 
arterial stiffness as a predictor of cognitive decline is yet to be established [ 44 ]. 

 Cerebral circulation has specifi c characteristics making the brain continually and 
passively perfused at high fl ow throughout systole and diastole [ 33 ]. As mentioned 
before cerebrovascular autoregulation maintains cerebral blood fl ow relatively con-
stant in the face of changes in arterial pressure within a certain range, protecting the 
brain from sudden changes in perfusion pressure. It has been suggested a 
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  Fig. 15.2    Clock drawing test results. Prevalence (%) of abnormal clock drawing test in hyperten-
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pathophysiological explanation on the basis of differential input impedance in the 
brain, and also in the kidney, compared with other systemic vascular beds [ 17 ,  33 ]. 
The unique features of the kidney and brain are that they are continually and pas-
sively perfused at high fl ow throughout systole and diastole. Their vascular resis-
tance is very low so that in comparison with other vascular beds, resistance is closer 
to input and characteristic impedance. Torrential fl ow and low resistance to fl ow in 
these organs expose small artery vessels to the high-pressure fl uctuations that exist 
in the carotid, vertebral, and renal arteries [ 24 ]. 

 Very recently, a randomly selected asymptomatic population ( n  = 591, 
age = 49.2 years, 70 % women, 27 % black, and education = 18 years) underwent 
annual vascular and cognitive assessments. Higher pulse wave velocity (PWV), but 
not BP, was associated with a steeper decline in executive ( P  = 0.0002), memory 
( P  = 0.05), and working memory ( P  = 0.02) scores after adjusting for demographics, 
education, and baseline cognitive performance and remained signifi cant after adjust-
ing for hypertension. Hypertension was associated with greater decline in executive 
score ( P  = 0.0029), and those with combined hypertension and elevated PWV 
(> 7 m/s) had the greatest decline in executive score. Authors concluded that in 
healthy adults, increased arterial stiffness is superior to BP in predicting cognitive 
decline in all domains and in explaining the hypertension-executive function asso-
ciation [ 13 ]. Arterial stiffness, especially in hypertension, may be a target in the 
prevention of cognitive decline.  

15.9     Prevention of Cognitive Impairment and Dementia 
by Antihypertensive Therapy 

 Both cross-sectional and longitudinal data from observational studies have shown 
some benefi cial effects of antihypertensive treatment against cognitive impairment, 
cognitive decline, and dementia in elderly people [ 11 ]. Three large-scale placebo- 
controlled randomized controlled trials (RCT) have assessed the potential role of 
antihypertensive therapy in preventing cognitive impairment, dementia, and stroke- 
related cognitive decline. The SHEP study [ 41 ] found that active treatment with thia-
zide diuretics signifi cantly reduced the risk of stroke and cardiovascular events 
(primary end points) but not of cognitive impairment and dementia (secondary end 
points). However, reanalysis of the data indicated that differential dropout rates 
between treatment and placebo groups might have obscured a potential effect of 
antihypertensive treatment against cognitive decline and dementia [ 8 ]. In the Syst- 
Eur trial, patients with isolated systolic hypertension were initially treated with 
nitrendipine and, if necessary, with enalapril or hydrochlorothiazide or both. This 
trial showed that active therapy reduced dementia incidence by 50 % over 2 years 
[ 47 ]. After termination of the initial trial, all participants were continued on the active 
therapy for another 2 years in an open study. Findings from the extended trial rein-
forced the initial conclusion that long-term antihypertensive therapy initiated with a 
long-acting dihydropyridine calcium channel blocker reduced dementia risk by 55 % 
(95 % CI 24–73 %) [ 10 ]. In the PROGRESS study of the prevention of recurrent 
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stroke, the risk of dementia and cognitive decline was evaluated as a secondary end 
point. This trial found no signifi cant effect of the therapeutic regimen on the overall 
risk of dementia [ 49 ]. However, the regimen signifi cantly reduced the risk of demen-
tia with recurrent stroke by a third, the overall risk of cognitive decline by a fi fth, and 
the risk of cognitive decline with recurrent stroke by a half [ 49 ]. The absence of a 
treatment effect on the overall risk of dementia might be due to the limited power to 
detect a more modest effect as well as premature discontinuation of active treatment 
by some patients. In addition, the SCOPE trial was initially designed to address 
whether candesartan-based antihypertensive therapy in older hypertensive patients 
reduced the risk of cardiovascular events, cognitive decline, and dementia. However, 
due to ethical concerns, this study was fi nally designed to compare effects between 
candesartan and the usual antihypertensive therapy regimens. After 4 years of obser-
vation, this trial found no signifi cant difference in dementia incidence, cognitive 
decline, and changes in mean MMSE score between the two groups [ 26 ]. However 
in a double-blind randomized study performed in 53 patients (aged ≥ 60 years) with 
executive dysfunction, it was shown that candesartan improved performance of trial 
making test part B compared with lisinopril and hydrochlorothiazide [ 14 ]. A pooled 
analysis of the SHEP, Syst-Eur, PROGRESS, and SCOPE trials whose participants 
total 11,794 in the treatment group and 11,711 in the control group revealed a non-
signifi cant association between antihypertensive treatment and the risk of developing 
dementia (OR 0.89; 95 % CI: 0.75–1.04) [ 48 ]. 

 The MOSES study [ 39 ] of eprosartan versus nitrendipine for secondary stroke 
prevention also had changes in cognitive function, measured by MMSE, as a sec-
ondary end point, and the results showed no differences between groups. 

 The HYVET-COG (Hypertension in the Very Elderly Trial cognitive function 
assessment) study [ 35 ] is based on perindopril/indapamide versus placebo-reported 
similar results (cognitive decline HR 0.93; 95 % CI 0.82–1.05) (incidence of dementia 
HR 0.86; 95 % CI 0.67–1.09). In the PROFESS (Prevention Regimen for Effectively 
Avoiding Second Strokes) study [ 9 ], no signifi cant difference was observed in cogni-
tive decline between the telmisartan and the placebo groups (decrease in MMSE score 
of 3 points or more from the fi rst evaluation: RR 0.95; 95 % CI 0.87–1.05). In the 
parallel ONTARGET (Ongoing Telmisartan Alone and in combination with Ramipril 
Global Endpoint Trial) and TRANSCEND (Telmisartan Randomized Assessment 
Study in ACE intolerant subjects with cardiovascular disease) trials [ 1 ], designed to 
investigate the effect of renin-angiotensin system blockade on major cardiovascular 
outcomes, no signifi cant benefi ts on cognitive function were found. Recently, a nested 
UK primary healthcare database was examined between 1997 and 2008 and 9197 
cases of dementia (5797 AD, 2186 vascular dementia, and 1214 other dementias) 
were found; the authors concluded that the use of angiotensin receptor blockers 
(ARBs) decreased the incidence of AD by 53 % [ 7 ]. In another nested database at the 
US Department of Health System Veterans Affairs (2002–2006), 819,491 patients 
were analyzed (90 % aged > 65 years). They also concluded that the use of ARBs 
decreased the incidence of AD in 55 % and 70 % its progression [ 25 ]. 

 There are several reviews and meta-analyses with controversial results. A scien-
tifi c statement of the American Heart Association in 2011 reported that 
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meta- analyses neither prove nor disprove the effi cacy of antihypertensive treatment 
on dementia risk [ 11 ]. However, most studies had evaluated cognitive function 
using the MMSE, which lacks sensitivity in detecting cognitive decline in non-
demented subjects, and this may have biased the results toward the null effect. The 
MMSE does not detect the fi rst cognitive domain affected and the most characteris-
tic in patients with vascular disease: executive dysfunction. In addition, the follow-
up in the RCT may not have been long enough to detect changes in cognitive 
function. Lastly, change in cognitive function and the incidence of dementia were 
secondary end points in most studies. 

 Recently, another meta-analysis [ 59 ] including observational studies and RCT 
disclosed benefi ts of antihypertensive therapy on overall cognition and risk of all-
cause dementia, with angiotensin receptor blockers possibly being the most effec-
tive (adjusted effect size 0.6 ± 0.18;  p  = 0.02). 

 Very recently a systematic review [ 38 ] suggests that antihypertensive therapy 
may decrease the incidence and progression of cognitive decline and dementia, not 
only vascular dementia but also AD. In this systematic review, several observational 
studies, RCT, and meta-analyses found positive results regarding the prevention of 
cognitive decline and dementia; although the results are sometimes confl icting, this 
is probably due to methodological limitations as mentioned before. Finally, accu-
mulating evidence suggests that antihypertensive drugs, particularly calcium chan-
nel blockers and renin-angiotensin system blockers, could reduce the risk for and 
progression of cognitive impairment and dementia, both by lowering BP and also by 
a specifi c neuroprotective effect [ 38 ]. 

 In summary, despite all the limitations and methodological differences, there is 
moderately strong evidence to support the view that hypertension in midlife, espe-
cially if not treated effectively, negatively affects cognition and contributes to the 
development of dementia and even AD in late life. High BP in middle age implies a 
long-term cumulative effect which leads to increased severity of atherosclerosis and 
more vascular comorbidities in late life [ 36 ]. There is less evidence that the same 
negative effect on cognition is present for hypertension in later life. Indeed, due to 
some reports concerning the harmful cognitive effect of low BP, it seems that, in older 
adults, and particularly in those who are very old, an appropriate level of BP may be 
required to retain cognitive function by maintaining adequate cerebral perfusion. 
However, the optimum BP remains unknown. Observational results suggest a protec-
tive effect of antihypertensive treatment against cognitive decline and dementia. 
Confi rmation from randomized clinical trials is limited, as it is based mainly on the 
Syst-Eur trial [ 47 ]. Other clinical trials did not show a clear treatment effect or showed 
only a benefi cial effect against poststroke dementia and cognitive decline.     
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