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   Foreword   

 Hypertension experts have long recognized the direct relationship between uncon-
trolled hypertension and both hemorrhagic and ischemic types of stroke. In just 5 
years since the fi rst edition of  Hypertension and Stroke  was published, the fi eld 
related to hypertension and cerebrovascular disease has advanced in the understand-
ing of pathophysiology and blood pressure goals as well as in improvements in 
imaging and intervention. Hence, the second edition of  Hypertension and Stroke  
remains an important and clinically relevant textbook in the subject of stroke neu-
rology—once again, this book brings together the basic pathophysiologic, epide-
miologic, diagnostic, and therapeutic advances in the evaluation of hypertension in 
patients with stroke or who are at great risk of stroke. 

 Drs. Aiyagari and Gorelick, both of whom are experts in vascular neurology, 
have organized this volume into sections that cover the importance of blood pres-
sure in patients with cerebrovascular disease including overviews of the epidemiol-
ogy of stroke and its relationship to hypertension; clinical evaluation that covers a 
variety of topics such as brain imaging, diagnostic evaluation, and cognitive assess-
ment; and pharmacologic approaches to the management of high blood pressure in 
primary and secondary stroke prevention. The treatment of stroke in acute settings 
is nicely detailed in this book and an area of great importance in hospital medicine. 
As the editors note, since the prior edition, there are new sections on blood pres-
sure regulation, the evaluation and management of hypertensive encephalopathy 
including eclampsia, the importance of short- and long-term blood pressure vari-
ability, and recommendations for choice of antihypertensive therapies and goals of 
that therapy. 

 The chapters in  Hypertension and Stroke  have been written by many of the most 
well-known authors in the fi eld of clinical hypertension, clinical trials, and stroke 
neurology who have provided comprehensive, scientifi cally sound, and clinically 
appropriate information. As series editor of  Clinical Hypertension and Vascular 
Diseases , I am once again delighted by the publication of this second edition of 
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 Hypertension and Stroke —I believe it is the foremost textbook in the fi eld for spe-
cialists in neurology and cardiovascular medicine as well as any physician who 
takes care of older adults at risk for cerebrovascular disorders.  

        William     B.     White, MD
Hypertension and Clinical Pharmacology

Calhoun Cardiology Center    
 University of Connecticut School of Medicine

Farmington, CT, USA             

Foreword
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  Pref ace   

 Hypertension is one of the most prevalent public health problems of our time. It is 
estimated that in the year 2000, nearly a quarter of the world’s population—nearly 
one billion individuals—had hypertension. This proportion is expected to increase 
to nearly 30 %—more than 1.5 billion individuals—by the year 2025. Hypertension 
is the most signifi cant modifi able risk factor for cerebrovascular diseases and is 
linked to a variety of neurological conditions including ischemic and hemorrhagic 
stroke and cognitive impairment. It is estimated that nearly 50 % of strokes could be 
prevented by blood pressure control. Although improvements have been made in 
detection and treatment of hypertension in some developed countries, on a global 
scale, rates of control remain inadequate. 

 On a more practical level, the practitioner taking care of patients with hyperten-
sion and cerebrovascular disease is often faced with several questions. For example, 
when is it safe to initiate antihypertensive therapy after acute ischemic stroke? What 
should be the target blood pressure in patients presenting with acute cerebral hem-
orrhage? Which blood pressure lowering agent is most safe and effi cacious for pri-
mary or secondary prevention of stroke? In this book we explore answers to these 
and several other important aspects of hypertension and stroke. 

 Since the publication of the fi rst edition of  Hypertension and Stroke : 
 Pathophysiology and Management , there have been several advances in this area. 
Several large clinical trials addressing the management of hypertension in patients 
with ischemic and hemorrhagic stroke have been published, and several national 
guidelines on the management of hypertension and stroke have been revised or 
updated. In the second edition of  Hypertension and Stroke , we have attempted to 
collate and synthesize this rapidly expanding knowledge base into an up-to-date 
handy reference for clinicians. The chapters in this multiauthor monograph have 
been written by leading experts in the fi elds of vascular neurology, neuroepidemiol-
ogy, critical care neurology, cardiology, nephrology, pharmacology, neuropsychol-
ogy, and cognitive function and brain imaging. Several international experts bring 
a unique perspective from different geographic regions and healthcare systems. 
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 The book consists of four sections, and the corresponding chapters address the 
following subjects:

    1.    The epidemiology of hypertension and stroke in relation to the defi nition, diag-
nosis, and workup of hypertension and epidemiological and clinical studies 
exploring the link between hypertension and stroke   

   2.    The role of the central nervous system in regulating blood pressure and the 
pathophysiologic effects of hypertension on the brain and the cerebral 
vasculature   

   3.    The management of hypertension in the settings of different stroke subtypes, a 
guide to recurrent stroke prevention, and the choice of antihypertensive agents   

   4.    The importance of blood pressure in cognitive function, a review of newer brain 
imaging modalities to assess the effect of hypertension on the brain, and the role 
of cerebral amyloid angiopathy and cerebral microhemorrhages on cognitive 
function     

 New to the second edition are sections on the central regulation of blood pres-
sure, effects of hypertension on the cerebral vasculature, eclampsia, subarachnoid 
hemorrhage, blood pressure variability, and a practical guide to choosing the right 
antihypertensive agent for the right patient. 

 It is our fi rm belief that this text will provide current, relevant, and expert infor-
mation to guide primary care physicians, internists, neurologists, emergency physi-
cians, intensivists, and cardiologists, as well as epidemiologists and cardiovascular 
researchers. We anticipate that medical students, residents, and advance practice 
providers will also benefi t from this treatise. As the global health challenges posed 
by hypertension and stroke rise,  Hypertension and Stroke  will be a handy ally in 
meeting these challenges.  

  Dallas, TX, USA     Venkatesh     Aiyagari, MBBS, DM     
 Grand Rapids, MI, USA     Philip     B.     Gorelick, MD, MPH, FACP     

Preface
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    Chapter 1   
 Blood Pressure: Defi nition, Diagnosis, 
and Management                     

     Raymond     R.     Townsend      and     Susan     P.     Steigerwalt     

        R.  R.   Townsend ,  M.D.    
  Renal Electrolyte and Hypertension Division ,  University of Pennsylvania , 
  Philadelphia ,  PA ,  USA     

    S.  P.   Steigerwalt ,  M.D., F.A.S.H., F.A.C.P.      (*) 
  Devision of Cardiovascular Medicine ,  University of Michigan ,   Ann Arbor ,  MI ,  USA   
 e-mail: spspnhp@med.umich.edu  

          The Defi nition of  Hypertension   

 The many years of follow-up in the Framingham Heart Study have shown that the 
relationship between blood pressure and target organ damage is a smooth, and rea-
sonably linear one so that the choice of where to place a marker that differentiates 
“above this point is hypertension and below this point is normal” will always be 
somewhat arbitrary [ 1 ]. The fi rst attempts to defi ne a point above which excess harm 
including loss of life would occur was undertaken by Life Insurance Companies 
who, by the fi rst quarter of the twentieth century had made reasonable estimates that 
140/90 mmHg represented a realistic value to defi ne excessive lifetime risk from 
blood pressure elevation [ 2 ]. The classic paper of Perrera published in the fi rst 
 volume of the Journal of Chronic Diseases in 1955 verifi ed that the presence of a 
sustained elevation in systolic  blood pressure   of > 140 mmHg or diastolic blood pres-
sure of >90 mmHg resulted uniformly in death within 20 years of onset [ 3 ]. 
Soberingly, in 1950, an era prior to antihypertensive therapy, suggested that a 
40-year-old man with a systolic blood pressure of 145 mmHg was estimated to have 
about 15 years of life left before succumbing to target organ damage from 
hypertension. 

 Despite the recognition of excess  risk   associated with  blood pressure   elevation, many 
thought that the increase in blood pressure associated with aging represented a natural 
adaptation to arterial stiffening and argued against treating elevated blood pressure until 

mailto:spspnhp@med.umich.edu
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it entered a malignant phase [ 4 ]. Once it entered a malignant phase, in which the  diastolic 
 blood pressure   generally exceeded 140 mmHg and the patient had signs of heart disease, 
stroke, or uremia, life expectancy was less than 25 % at 1 year [ 5 ]. 

 Compelling as actuarial data may be, and natural history studies such as those of 
Perrera, many remained skeptical about the value of treating high blood pressure. It 
was not until the VA Cooperative Study Group reported on the benefi t of treating 
moderate to severe hypertension (diastolic blood pressure values of 115–129 mmHg) 
[ 6 ] and then less elevated diastolic values of 90–115 mmHg [ 7 ] that practitioners 
began to administer  antihypertensive therapy and   recommend lifestyle therapies with 
the intent of preserving target organ function. With the ability to lower blood pres-
sure with an increasing number of classes of antihypertensive drugs, and multiple 
agents within some classes of antihypertensive drugs, attention turned to the need to 
educate physicians on how to diagnose and then manage hypertensive patients. This 
effort was espoused by the National Heart Lung and Blood Institute in the early 
1970s and was known as the  High Blood Pressure Education Program  . An outgrowth 
of this Program was the fi rst Joint National Committee Report, chaired by Dr. Marvin 
Moser, and published in 1977 in JAMA, in which a formal defi nition for hyperten-
sion was proposed. Since the purpose of this chapter is not to review the history and 
nuances of the defi nition of hypertension, we refer the reader for the next 37 years 
from 1977 to 2014 to Table  1.1 ,    which represents a summary from both JNC 8 and 
the recent AHA/ACCF/ASH guidelines for hypertension [ 8 ,  9 ].

   As reviewed in JNC 8 and the AHA scientifi c statements, the levels of evidence 
supporting the threshold to diagnose hypertension in each of the instances above 
varies from “E” (Expert Opinion) to “A” (Strong support from existing evidence). 
Level B evidence suggests that the benefi t at that level of BP > risk, but supporting 
evidence is modest. A full review of the evidence supporting the thresholds for  the 
  diagnosis of hypertension is reviewed in the two primary sources cited [ 8 ,  10 ]. It 
should be pointed out that there is disagreement world-wide, and within the USA, 
on the some of the threshold values shown above [ 11 ,  12 ]. The JNC 8 statement 
reviews the recommendations for hypertension diagnosis in an extensively refer-
enced table in the JAMA publication [ 8 ].  

   Table 1.1     Thresholds   for diagnosis and treatment of hypertension   

 mmHg  Level of evidence 

 General population 18–60 years old  140/90  For systolic blood pressure: E 
 For diastolic blood pressure: A 

 General population ≥60 years old  150/90  For systolic blood pressure: A 
 For diastolic blood pressure: A 

 Patients with CKD <70 years old  140/90  E 
 Patients with diabetes  140/90  E 
 Patients with coronary artery  disease    140/90  A 
 Patients with heart failure  140/90  B 
 Patients with stroke  130/80  E 

R.R. Townsend and S.P. Steigerwalt



5

    Diagnosis of Hypertension 

    Evaluation Goals 

 The fi rst goal in the  diagnosis of   hypertension is to assure that the blood pressure 
elevation is real. There  are   many short-term infl uences on blood pressure and the 
general impression is that hypertension should be diagnosed after at least two, and 
preferably three, different encounters where blood pressure is measured and the 
average >140/90 mmHg. 

 Traditionally these measures have been conducted in an offi ce setting. The rea-
son for three visits, and the need to measure blood pressure at least twice and prefer-
ably three times during an offi ce encounter is based on work from the UK supporting 
this type of measurement schedule [ 13 ]. 

 Several countries have recommended that  confi rmation   of an offi ce BP elevation 
be undertaken using ambulatory blood pressure monitoring ( ABPM  )    [ 14 ] or by the 
use of home blood pressure monitoring ( HBPM  )    [ 15 ]. If HBPM or ABPM are used to 
validate the diagnosis of hypertension, somewhat different values are recommended 
for the threshold of what constitutes “ hypertension.”   These are outlined in Table  1.2 .

   The diagnostic work-up of the patient with a sustained elevation of  blood pres-
sure   is undertaken to address three questions:

•    Is the BP elevation primary or is it secondary to an underlying cause?  
•   Is the BP elevation attended by additional cardiovascular (CV) risk factors?  
•   Is the BP elevation attended by target organ damage of the brain, heart, or kidneys?    

 Answers to these questions will infl uence therapeutic decisions and provide 
insight into the need for management of blood pressure to encompass associated 
risk factors. Common errors in blood pressure measurement technique tend to 
 falsely   increase the readings leading to an overestimate of blood pressure level.  

    How to Measure Blood Pressure 

 In the offi ce setting blood pressure  should   be measured 2–3 times in the sitting 
 position, and averaged for that visit. The sitting position has been the principal posi-
tion used for randomized  clinical   trials demonstrating benefi t of blood pressure 

   Table 1.2    Out of offi ce thresholds relative to offi ce values for  hypertension   diagnosis   

 Offi ce threshold  24 h ABPM  Daytime ABPM  Home BPM series a  

 140 mmHg systolic  ≥130 mmHg  ≥135 mmHg  ≥135 mmHg 
 90 mmHg diastolic  ≥80 mmHg  ≥85 mmHg  ≥85 mmHg 

   a Series = two morning + two evening HBPM for 7 consecutive days; drop the fi rst day and then 
average the remaining 6 days for the systolic and diastolic blood pressure values  

1 Blood Pressure: Defi nition, Diagnosis, and Management
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reduction [ 16 ]. The dominant arm is best used as it tends to be the higher one; but at 
least once blood pressure should be measured in both arms. A difference of 5 mmHg 
in systolic blood pressure between arms is not uncommon; however, a difference of 
systolic blood pressure of 10 mmHg or higher should raise concern for generalized 
vascular disease and subsequent heightened vascular disease risk [ 17 ]. It is useful to 
assess the response of the blood pressure to standing for at least 1 min. Recent 
guidelines form the AHA/ACCF recommend checking for orthostatic  hypotension      
on all elderly hypertensive patients [ 18 ]. 

 Blood pressure assessment requires adherence  to   AHA-recommended steps in pre-
paring a patient for such a determination. A correct-sized cuff, defi ned as encircling at 
least 80 % of the mid upper-arm circumference, is applied and calibrated equipment is 
used with good infl ation and defl ation technique in a patient seated comfortably with 
the back supported, feet on the fl oor, and arm at heart level. The urinary bladder 
should be empty. The AHA recommends 5 min of rest prior to  measurement and 
abstention from caffeine and cigarettes for 30 min prior to measurement [ 19 ]. This 
yields the most reproducible blood pressure determination. Despite good technique, 
the average blood pressure varies day to day, thus, a running average of at least three 
different measurement sessions affords the best offi ce estimate of blood pressure. 

 A sizable number of patients use home blood pressure cuffs. The AHA Call to 
Action provides a description of how to use such home-based results  in   hypertension 
diagnosis and management and stresses the need for attention to proper  technique 
[ 20 ]. In the USA hypertension is still based on offi ce blood pressure readings, but in 
many other venues, particularly Canada, out-of-offi ce blood pressures are used to 
establish a diagnosis of hypertension [ 15 ]. In this regard ABPM has resurfaced as a 
valuable tool to secure the diagnosis of hypertension. Both the National Institute for 
Health and Clinical Excellence (NICE) guidelines from the UK and the recent 
United States Preventive Services Task Force (USPTFS) guidance statement recom-
mend 24 h ABPM to confi rm the diagnosis of hypertension prior to initiation of 
treatment [ 14 ,  21 ]. The use of ABPM allows an accurate diagnosis of white coat 
hypertension, and more importantly, masked hypertension. In the case of white coat 
hypertension blood pressures are better outside the offi ce compared to offi ce values 
[ 22 ]. Masked  hypertension   means that blood  pressure   recordings outside the offi ce 
are higher than those recorded in the offi ce setting [ 23 ].  

    Evaluation of the Hypertension: Addressing Three Key 
Questions 

 As previously mentioned there are three key questions to address in relation to the 
diagnosis of hypertension. These are asked to determine:

    1.    Does the patient have a secondary form of hypertension?   
   2.    Are there associated cardiovascular risks or predisposition to such risks?   
   3.    Is there any target organ damage?     
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 Recognizing the presence of a secondary form of  hypertension   may direct 
 curative therapy (e.g., removal of an aldosterone-producing adenoma) or provide 
insight into mechanisms which may help guide therapy (e.g., renal artery stenosis 
and the use of medications with block the renin–angiotensin system activity or 
endovascular intervention to correct renal artery stenosis). 

 Identifi cation of the presence and severity of other cardiovascular risk  factors   is 
important for two reasons. First, we may wish to avoid using medications which can 
cause or worsen a risk factor (e.g., the use of beta-blocking drugs in patients with a 
low HDL cholesterol level which could lower HDL further or thiazide diuretics in a 
patient with impaired fasting glucose which could precipitate diabetes mellitus) [ 24 ]. 
Second, the presence of other risk factors (e.g., components of the metabolic syn-
drome) may heighten the risk of hypertension and warrant consideration of addi-
tional and more intensive therapy. 

 Finally, the presence of target organ damage is important to detect because it 
moves the treatment goal from  primary  prevention to  secondary  prevention. For 
example,  a   patient with a history of stroke has a risk of another stroke within the 
next 5 years which may be 30 % or higher, a value which far exceeds the average 
hypertensive patient’s risk without such a history. Guidelines suggest the use of a 
diuretic and angiotensin-converting enzyme  inhibitor   for recurrent stroke preven-
tion. This is discussed in further detail in subsequent chapters of this book.  

    General Principles of Diagnosis of Hypertension: Medical 
History 

 Patients with elevated blood pressure should  have   a thorough general history and 
physical examination and selected investigations ( see  Tables  1.3  and  1.4 ). The 
 evaluation of a patient with elevated blood pressure begins with a complete medical 
history. The history should query the duration (when known) and severity of high 
blood pressure. Clues such as the sudden onset of severe blood pressure elevation 
when blood pressure was previously known to be normal raise suspicion for a sec-
ondary cause of hypertension. Knowledge of concomitant medical conditions and 
associated cardiovascular comorbidities and responses to various treatments should 
also be obtained. Information about dietary habits, alcohol consumption, tobacco 
use, level of physical activity, and sleep duration (which predicts both hypertension 
and CV events [ 25 ]) should be determined since there may be allied areas of lifestyle 
or other intervention. A family history of hypertension, renal disease, cardiovascular 
disease, and diabetes mellitus should be noted.  Sleep-disordered breathing   which is 
common in hypertension may be uncovered by queries about daytime sleepiness, 
snoring/gasping, fi tful sleep, and nocturnal arousals with breathless symptoms. A 
screening tool such as the  Epworth Sleepiness Scale™   [ 26 ] may be helpful.

    In addition, it is important to obtain details of past medication use with particu-
lar attention to side effects and effectiveness in controlling blood pressure. Current 
medications, including over-the-counter preparations, should be reviewed. For 
example,  nonsteroidal anti-infl ammatory drugs (NSAIDs)   can decrease the  effi cacy 
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of antihypertensive drugs, presumably through mechanisms that inhibit the 
 vasodilatory and natriuretic  prostaglandin   effects and the potentiation of 
 angiotensin-II effects [ 27 ] ( see  Tables  1.3  and  1.5  for medications affecting blood 
pressure). It is important to assess the use of alternative medications and supple-
ments, as individuals often do not consider or report these as “medications,” and 
they may contain potent pressor substances such as sympathomimetics or 
European black licorice. A useful website for further information on complemen-
tary and alternative medicine is   http://www.tangcenter.uchicago.edu    .

       General Principles of Diagnosis of Hypertension: Physical 
Examination 

 The physical examination of the patient begins  with   measurement of height and 
weight, waist circumference, and blood pressure in  both  arms. The blood pressure 
is recorded according to the arm with the higher blood pressure measurement. It is 
sometimes necessary to measure blood pressure in the leg in instances when 

     Table 1.3    Medical history in the  patient   with elevated blood pressure   

 Item  Evaluation 

 Age at onset and 
duration of elevated 
blood pressure 

 Onset in younger patients (e.g., <30 years) may indicate a secondary 
cause; when blood pressure at onset is severe (e.g., stage 2 
hypertension), this may also be a clue to a secondary cause 

 Lifestyle factors  High salt intake, physical inactivity, psychosocial stress, and sleep- 
disordered breathing (e.g., sleep apnea) may contribute to elevated blood 
pressure 

 Concurrent 
medications 

 Consider nonsteroidal anti-infl ammatory drugs (NSAIDs), oral 
contraceptives, corticosteroids, licorice, cough/cold/weight-loss pills, 
and sympathomimetics 

 Risk factors for 
cardiovascular 
disease 

 Family history of premature cardiovascular disease especially in a 
fi rst-degree relative (parent or sibling), diabetes, smoking, and elevated 
cholesterol 

 Symptoms or history 
which suggest 
possible secondary 
cause 

 Episodic sweating, heart racing/palpitations, and headache (e.g., 
pheochromocytoma); muscle weakness and increased urine volume (e.g., 
hyperaldosteronemia); family history of kidney disease (hereditary forms 
such as polycystic kidney disease); protein or blood in urine and/or ankle 
swelling (various types of renal disease); daytime somnolence, snoring/
gasping during sleep (e.g., sleep-disordered breathing); prior stroke, heart 
attack, or peripheral arterial disease (e.g., renal artery stenosis); leg 
discomfort and claudication in young patient (e.g., coarctation of aorta); 
and heat intolerance and weight loss (e.g., hyperthyroidism) 

 Target organ  damage    Chest pain or chest discomfort or known prior myocardial infarction 
(coronary artery disease); neurologic symptoms consistent with stroke 
or transient ischemic attack (cerebrovascular disease); dyspnea and easy 
fatigue (possible heart failure); claudication (peripheral arterial disease) 
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coarctation of the aorta is suspected. Although blood pressure measurements with 
the patient supine, sitting, and standing are usually undertaken in a hypertension 
specialty clinic, in a primary care setting where time constraints are germane, a 
seated blood pressure is carried out three times and averaged. In patients older than 
60 years it is important to determine a standing blood pressure level as well. This 
helps identify orthostatic hypotension, a predictor of falls in the elderly, and possi-
ble intolerance to blood pressure lowering [ 28 ]. 

 Key features of the general physical examination of the patient with  elevated 
blood pressure   are listed in Table  1.3  and below:

•    Retina (to assess vascular impact of blood pressure)  
•   Pulses and vessels (searching for carotid bruits for known or subclinical stenosis; 

abdomen/midepigastric bruits for renovascular disease; femoral bruits for ath-
erosclerosis; poor or delayed femoral pulses suspicious for aortic coarctation; 
and pedal pulses for peripheral arterial disease, particularly in smokers)  

•   Heart for gallop sounds and enlargement  
•   Lungs (rales; unusual in the early phase of hypertension)  
•   Legs for edema  
•   Abbreviated neurologic exam for  strength  , gait, and cognition    

 Cardiac examination may show a displaced apical impulse, refl ecting left 
 ventricular enlargement. When sustained, the apical impulse may indicate  left ven-
tricular hypertrophy (LVH)  .  Auscultation   of an S 4  gallop may document early 
 physical fi ndings of hypertension.  

    Table 1.4    Physical examination in the  patient   with elevated blood pressure   

 Item  Routine evaluation 

 General appearance, 
skin lesions, 
distribution of body fat 

 Waist circumference (may fi t criteria for metabolic syndrome; adds to 
diabetic and CV risk); signs of prior stroke from gait/station, motor, 
and cognition exams; uncommonly secondary forms are evident as 
striae (Cushing’s syndrome) or mucosal fi bromas (multiple endocrine 
neoplasia type 2) 

 Fundus  Retinal arteriole caliber changes and presence of other retinal 
pathology refl ects severity of hypertension 

 Neck (thyroid) and 
carotid arteries 

 Multinodular diffuse goiter (Graves’ disease); presence of carotid 
bruits may be a clue to elevated stroke risk 

 Heart and lungs  Presence of rales and/or gallops (target organ damage), interscapular 
murmur (coarctation of the aorta); displacement of apex beat (point of 
maximal impulse suggestive of heart enlargement) 

 Abdomen  Palpable kidneys (polycystic kidney disease); midepigastric bruits 
(renal arterial disease); striae (Cushing’s syndrome) 

 Neurologic 
 examination   

 Reduced grip strength or other muscle weakness, hyperrefl exia, 
spasticity, Babinski sign, gait disturbance, or cognitive impairment 
(previous stroke) 

 Pulse examination  Delayed/absent femoral pulses (coarctation of the aorta or 
atherosclerosis); loss of pedal pulses (atherosclerosis, particularly in 
smokers) 
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    Frequency of Blood Pressure Monitoring After the Initial 
Examination 

 After the initial examination, blood pressure monitoring is recommended at 
 specifi ed intervals. We recommend subsequent blood pressure monitoring accord-
ing to the Joint National Committee 7 guidelines as shown in Table  1.6  [ 3 ].

       Laboratory Studies in the Evaluation of the Patient 
with Hypertension or Elevated Blood Pressure 

 A number of select laboratory  tests   are recommended for routine evaluation of the 
patient with elevated blood pressure. At a minimum these should include the fol-
lowing  diagnostic studies  : hemoglobin or hematocrit, urinalysis with microscopic 
examination, serum creatinine and electrolytes, serum glucose, a fasting lipid pro-
fi le, and a 12-lead  electrocardiogram (ECG)  . Other studies such as thyroid hormone 
concentrations are guided by a history suggesting thyroid excess or the discovery of 

   Table 1.5    Drugs associated with development of  or   worsening of elevated blood pressure   

 Drug class or drug  Proposed mechanism of action 

 Nonsteroidal anti-infl ammatory agents [ 39 ]  Prostaglandin inhibition causing renal sodium 
retention and decrease in GFR 

 High-dose corticosteroids [ 40 ]  Mineralocorticoid receptor (MR) stimulation 
(sodium retention) and sodium–potassium ATPase 
inhibition (vasoconstriction) 

 Oral contraceptives [ 41 ]  Unknown, usually trivial elevations of blood 
pressure 

 Prescribed sympathomimetics (Meridia™, 
Ritalin, Provigil™, etc.) [ 42 ,  43 ] 

 Vasoconstriction and sodium retention 

 Selective serotonin reuptake inhibitors 
(SSRIs), selective norepinephrine reuptake 
inhibitors (SSNIs) [ 44 ,  45 ] 

 Increase of serotonin or norepinephrine via 
reuptake inhibition 

 Erythrocyte-stimulating agents [ 46 ]  Vasoconstriction 
 Tacrolimus, cyclosporine [ 47 ]  Vasoconstriction, sodium retention, decrease in GFR 
 Highly active anti-retroviral therapy 
(HAART) [ 48 ] 

 Unknown 

 European black licorice (often contained in 
alternative medications and chewing 
tobacco) [ 49 ] 

 Indirectly causes activation of MR, sodium 
retention, and enhanced vascular reactivity 

 Cocaine, ecstasy, methamphetamines, and 
other recreational drugs [ 50 ,  51 ] 

 Sympathetic activation/ vasoconstriction   

 VEGF inhibitors [ 52 ,  53 ]  FLT-1 

   VEGF  vascular endothelial growth factor,  GFR  glomerular fi ltration rate  
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a thyroid nodule on examination of the neck. The urine studies and the electrolytes/
creatinine determinations (and calculated MDRD eGFR) may refl ect target organ 
damage to the kidney. The glucose and the lipid profi le may reveal the presence of 
other cardiovascular risk factors. The 12-lead ECG may show LVH or the presence 
of a prior myocardial infarction, both of which represent valuable information in 
planning treatment. 

 The use of spot urine albumin/creatinine ( ACR  )    in diabetic patients is well estab-
lished [ 29 ]. In nondiabetic patients, early morning spot urine  ACR may be a   marker 
for increased cardiovascular risk, systemic infl ammation, and renal failure [ 30 ]. 
Both population-based studies such as PREVEND [ 31 ] and clinical trials such as 
HOPE [ 32 ] show increased cardiovascular event rates associated with presence of 
increased ACR. We recommend screening for ACR in patients with hypertension, 
repeating it twice to confi rm the abnormality. Elevated ACR requires special atten-
tion to  control   of blood pressure, lipids, and evidence of systemic infl ammation.  

    Evaluation for Secondary Causes of Hypertension or Elevated 
Blood Pressure 

 In some instances medical  history  , physical examination, or the initial diagnostic 
testing leads one to suspect a secondary cause of hypertension. Table  1.4  includes 
physical fi ndings that may lead one  to   suspect a secondary cause of hypertension. 
The reader is referred to several authoritative reviews of secondary causes of hyper-
tension which cover this topic in detail [ 33 ,  34 ]. 

 Obstructive sleep apnea ( OSA  )    is probably the most common cause of secondary 
hypertension. It occurs more frequently in men (9 % of men and 4 % of women in the 
US population) and is often associated with obesity [ 20 ,  35 ]. In patients with hyper-

   Table 1.6    Follow-up recommendations for  subsequent   blood pressure monitoring   

 Initial BP 

 Follow-up recommendation  SBP  DBP 

 <120  <80  Recheck in 2 years 
 120–
139 

 80–89  Recheck in 1 year 

 140–
159 

 90–99  Confi rm within 2 months 

 ≥160  ≥100  Evaluate within 1 month; for those with higher blood pressures (e.g., 
≥180/110 mmHg), evaluate and treat immediately or within 1 week 
depending on clinical situation and  complications   

  From Chobanian AV, Bakris GL, Black HR, et al. Seventh report of the joint national committee 
on prevention, detection, evaluation, and treatment of high blood pressure. Hypertension. 
2003;42:1206–52, with permission 

  SBP  systolic blood pressure,  DBP  diastolic blood pressure,  BP  blood pressure  
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tension, 30–80 % have at least moderate grades of sleep apnea [ 35 ].  In   population 
studies, OSA is associated with congestive heart failure, stroke, coronary artery dis-
ease, and sudden cardiac death. Post stroke, 43–91 % of patients may have OSA [ 21 , 
 36 ]. In uncontrolled hypertensives, treatment of OSA has been shown to decrease 
blood pressure on average by 5/3 mmHg [ 22 ,  37 ]. Bradley and Floras have said: 
“OSA appears to increase the risk of cardiovascular disease, and its treatment has the 
potential to decrease risk. Prospective clinical trials are needed.” The reader is 
referred to an informative recent review for more details [ 38 ].   

    Summary: Evaluation of Elevated Blood Pressure 

 For proper diagnosis of  hypertension   or elevated blood pressure, multiple  blood   
pressure readings should be taken at various times to confi rm the diagnosis. The 
accurate measurement of  blood pressure   is made with the correct cuff size, patient 
position, and technique. ABPM is increasingly being used to verify a diagnosis of 
hypertension. The medical history, physical exam, and initial diagnostic test strat-
egy should address three key questions: (1) Is increased blood pressure primary or 
secondary? (2) Are other cardiovascular risk factors present? and (3) Is  there   any 
evidence of target organ damage?     
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    Chapter 2   
 The Link Between Hypertension and Stroke: 
Summary of Observational Epidemiological 
Studies                     

     Dilip     K.     Pandey      ,     Noha     Aljehani     , and     Youji     Soga    

       Stroke is the leading cause of disability in the USA. It ranked seventh among 30 
leading diseases and injuries contributing to the years of life lost due to premature 
mortality (YLLs) in the USA in 2010, and third for contributing to the reduced  dis-
ability-adjusted life years (DALYs)   [ 1 ]. Among modifi able risk factors for ischemic 
and  hemorrhagic    stroke  , hypertension is the most robust one across age, gender, and 
race [ 2 ,  3 ].  Hypertension   has made its way from being the fourth-leading risk factor 
in 1990, as quantifi ed by DALYs, to being the leading risk factor in 2010 [ 4 ]. 
Hypertension is also a highly prevalent health condition. As many as 80 million adult 
Americans (one in three US adults) have  hypertension   defi ned as elevated blood 
pressure (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg) 
or taking antihypertensive medicine or being told at least twice by a physician or 
other health professional that one has high blood pressure [ 5 – 7 ]. The prevalence of 
hypertension increases rapidly above the age of 65 years. The age- adjusted preva-
lence of hypertension in 2009–2012 was 80 % for women and 76 % for men over 75 
years of age [ 8 ,  9 ]. The  prevalence   of hypertension also varies by race and is highest 
amongst non-Hispanic Blacks (Fig.  2.1 ). The lifetime risk for developing hyperten-
sion is 90 % among individuals who are normotensive at 55 years of age [ 10 ]. 
A recent prediction model showed that every 10 % increases in hypertension treat-
ment could prevent an additional 14,000 deaths per year in the  adult   population ages 
25–79 [ 11 ]. Projections show that by 2030, about 41.4 % of US adults will have 
hypertension, an increase of 8.4 % from 2012 estimates (unpublished AHA computa-
tion, based on methodology described by Hiedenreich et al.) [ 11 ].
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      Hypertension as a Risk Factor for Stroke 

 There is compelling evidence from observational and interventional studies, sug-
gesting that hypertension is a signifi cant and strong risk factor for stroke. It has been 
estimated that about 54 % of strokes worldwide are attributable to high blood pres-
sure (BP) [ 12 ]. The  Framingham Heart Study   in 1970 observed a signifi cant rela-
tionship between risk of  stroke   and blood pressure ≥160/95 mmHg in both sexes 
and at all ages [ 13 ]. Persons with a normal BP (<120/80 mmHg) had been reported 
approximately half the lifetime risk of stroke compared to those with high BP 
(≥140/90 mmHg) [ 14 ]. A meta-analysis of 12 prospective cohort studies with 
518,520 participants found that  prehypertension      is associated with incident stroke. 
The risk is particularly noted in nonelderly people and for those with BP values in 
the higher prehypertension range [ 15 ]. 

 Detailed analyses of large cohort studies have shown that the relationship 
between BP and risk of stroke is continuous, consistent, and independent of other 
risk factors. Earlier  epidemiological studies   used diastolic pressure as a measure-
ment rather than systolic pressure and consistently showed its association with the 
risk of stroke [ 16 ,  17 ]. In a meta-analysis of nine prospective observational studies 
published between 1958 and 1990, MacMahon et al. concluded that as BP decreased 
so did the risk of stroke. A decrease in diastolic BP by 5, 7.5, and 10 mmHg was 
associated with a decreased risk of stroke at least by 34, 46,    and 56 %, respectively 
[ 16 ]. The Eastern Stroke and Coronary Heart Disease Collaborative Research 
Group, a subset of Asia Pacifi c Cohort Studies Collaboration (APCSC), also 
showed a positive relationship between diastolic BP and the risk of stroke. Overall, 

Overall

Sex
Men

Women

Age† (years)
18-39
40-59

Hispanic

60 and over

Race and Hispanic origin
Non-Hispanic white

Non-Hispanic black

Non-Hispanic Asian

0 10 20 30 40
Percent

50 60 70

29.1

29.7

28.5

7.3

32.4
65.0

28.0

226.0

142.1
224.7

  Fig. 2.1    Age- specifi c   and age-adjusted prevalence of hypertension among adult aged 18 and over, 
United States 2011–2012 ( Source : CDC/NCHS, National Health and Nutrition Examination 
Survey, 2011–2012. Accessed on 15 April 2015 at   http://www.cdc.gov/nchs/data/databriefs/db133.
pdf    )       
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individuals in the group with the highest diastolic  B  P ( DBP   ≥ 110) had a risk of 
stroke about 13 times greater than those in the group with the lowest diastolic BP 
( DBP   ≤ 79). For each 5 mm decrease in diastolic BP, the risk was almost halved for 
both ischemic strokes (odds ratio (OR) 0.61, 95 % confi dence interval (CI): 0.57–
0.66) and hemorrhagic strokes (OR 0.54, 95 % CI: 0.50–0.58) [ 18 ]. Systolic BP 
gained attention around the 1990s after several epidemiological studies suggested 
that systolic BP might represent a stronger risk factor for stroke than diastolic 
BP. Moreover, systolic BP increases with advancing age, whereas diastolic BP 
levels off at approximately age 50 years and decreases after the age of 60 years. 
Systolic BP has been shown to be a better predictor of coronary heart disease after 
the age of 50 years [ 19 ]. 

 Systolic BP was more strongly correlated with 12-year risk of stroke mortality 
 than   diastolic BP in the Framingham Heart Study [ 20 ]. Also, the prospective 
population- based Copenhagen City Heart study reported that systolic BP is a better 
predictor of stroke than diastolic BP [ 21 ]. The APCSC, which analyzed 37 cohort 
studies conducted in the Asia Pacifi c region, reported a continuous, log-linear asso-
ciation between  systolic BP   and risk of stroke down to at least 115 mmHg. After 
standardizing for age, a 10 mmHg decrease in systolic BP was associated with a 
41 % (95 % CI: 40–42 %) lower risk of stroke in Asia and a 30 % (95 % CI: 22–37 %) 
lower risk of stroke in Australasia [ 22 ]. In an analysis of 61 prospective cohort stud-
ies by the Prospective Study Collaboration (PSC), there was greater than a twofold 
reduction in stroke mortality with each 20 mmHg decrease in systolic BP for those 
aged 40–69 years ( see  Table  2.1 ) [ 23 ,  24 ].

   An important fi nding from the above studies is that the association between BP 
and risk of  stroke   is continuous and log linear at all ages, and there is no evidence 
of a threshold below which levels of BP are no longer associated with lower risk of 
stroke, down to approximately 115 mmHg for systolic BP or 75 mmHg for diastolic 
BP [ 25 ]. This fi nding suggests  that   whether blood pressure meets the usual defi ni-
tion of hypertension (systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg) or falls 
within the range of what is typically considered normal, in epidemiological obser-
vational studies a lower level of blood pressure has a lower risk of stroke. This 
steady increase in risk of stroke with increasing systolic BP is also refl ected in the 
stroke risk  appraisal   score developed by the Framingham Heart study [ 26 ,  27 ]. 

 Age is an important cofactor of the  stroke   and hypertension relationship. The 
positive relationship between elevated BP and risk of stroke is weaker in older aged 
persons compared to middle-aged individuals. The APCSC reported that in the age 
groups <60, 60–69, and ≥70 years, a 10 mmHg decrease in systolic BP was 
 associated with a 54, 36, and 25 % lower risk of stroke, respectively (Table  2.1 ) 
[ 22 ]. A similar trend was observed in the PSC and in the nested case–control study 
from the Rochester Epidemiology Project (Fig.  2.2 , Table  2.1 ) [ 23 ,  28 ]. Data from 
NHANES 2005 to 2010 found that 76.5 % of US adults ≥80 years of age had hyper-
tension. Of this population, 43.9 % had isolated systolic hypertension (ISH) and 
2.0 % had systolic and diastolic hypertension [ 29 ]. Although there is a decreased 
association between risk of stroke and  hypertension   among older populations, low-
ering BP is still benefi cial due to the high incidence of stroke and high morbidity/
mortality rates seen in this group [ 25 ].
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     Table 2.1    Overview  of   risk of stroke associated with hypertension   

 MacMahon et al. [ 11 ]  APCSC [ 17 ]  PSC [ 18 ] 

 Rochester 
Epidemiology 
Project [ 22 ] 

 Study type  Meta-analysis of 9 
prospective cohort studies 
published between 1963 
and 1989 

 Meta-analysis of 37 
prospective cohort 
studies conducted 
between 1961 and 1992 

 Meta-analysis of 61 
prospective cohort 
studies conducted 
between 1958 and 1990 

 Nested case–control 
study 

 Number of 
participants 

 418,343  425,325  958,074  1862 (931 cases) 

 Cases of 
stroke 

 843 strokes of all type  5178 strokes of all type  11,960 strokes of all 
type 

 931 ischemic strokes 

 Age at 
baseline 

 25–84  20–107  NR  Age matched 
controls 

 Follow-up 
period 
(mean) 

 6–25 years (10 years)     2–27 years (7 years)  4–25 years (12 years)  15 years a  

 Sex  Male 96 %  Male 57 %  NR  Sex matched 
controls 

 Study 
population 

 USA, Europe, Puerto Rico  China, Japan, Hong 
Kong, Taiwan, 
Singapore, South 
Korea, New Zealand, 
Australia 

 Europe, USA, Japan, 
China, Australia 

 USA 

 Results  5 mmHg ↓ 
DBP 

 34 % ↓ risk   Age    10 mmHg  ↓ 
 SBP  

  Age    20 mmHg  ↓ 
 SBP  

  Age    OR  ( cases 
vs. 
controls ) 

 7.5 mmHg ↓ 
DBP 

 46 % ↓ risk  <60  54 % ↓ 
stroke risk 

 40–49  64 % ↓ risk  50  4.8 

 10 mmHg ↓ 
DBP 

 56 % ↓ risk  60–69  36 % ↓ 
stroke risk 

 50–59  62 % ↓ risk  60  3.2 

 ≥ 70    25 % ↓ 
stroke risk 

 60–69  57 % ↓ risk  70  2.2 

 70–79  50 % ↓ risk  80  1.5 

 80–89  33 % ↓ risk  90  1.0 

  Age    10 mmHg  ↓ 
 DBP  

 40–49  65 % ↓ risk 

 50–59  66 % ↓ risk 

 60–69  60 % ↓ risk 

 70–79  52 % ↓ risk 

 80–89  37 % ↓ risk 

   APCSC  Asia Pacifi c Cohort Studies Collaboration,  PSC  Prospective Studies Collaboration,  SBP  systolic blood pressure, 

 DBP  diastolic blood pressure,  OR  odds ratio,  NR  not reported 

  a Ischemic strokes identifi ed from 15 years follow-up of Rochester Epidemiology Project  



21

   Racial differences in hypertension and risk of stroke have been reported from 
several observational studies in the United States. The Northern Manhattan  Stroke 
Study   showed that hypertension was an independent risk factor for ischemic stroke 
in whites (OR 1.8), blacks (OR 2.0), and Caribbean Hispanics (OR 1.2) [ 30 ]. The 
Baltimore-Washington Cooperative Young Stroke Study, population-based case–
control study (patients aged 18–44 years), showed a positive association between 
hypertension and risk of ischemic stroke in whites and blacks for both men and 
women.    Age-adjusted ORs (95 % CI) for ischemic stroke for a history of  hypertension 
for white men, white women, black men, and black women were 1.6 (0.7–3.2), 2.5 
(1.1–5.9), 3.8 (1.8–7.9), and 4.2 (2.4–7.5), respectively [ 31 ]. The same increment in 
 SBP   is associated with a higher stroke risk in Blacks than for Whites [ 32 ]. For 
example, for 10 mmHg increase in levels of SBP, the increased stroke risk in whites 
is ≈8 %; however, a similar 10 mmHg increase in SBP in African Americans is 
associated with a 24 % increase in stroke risk, an impact three times greater than in 
whites [ 33 ]. 

 Treating hypertension is an important therapeutic target in  the   prevention of 
stroke that has been supported by several studies [ 34 – 38 ]. Since stroke is more 
dependent on blood pressure than coronary heart disease, the relationship between 

  Fig. 2.2    Stoke mortality rate in each decade of age vs. usual blood pressure at the start of that 
decade. Rates are plotted on a fl oating absolute scale, and  each    square  has area inversely propor-
tional to the effective variance of the log mortality rate (From Lewington S, Clarke R, Qizilbash 
N, Peto R, Collins R, Prospective Studies C. Age-specifi c relevance of usual blood pressure to 
vascular mortality: a meta-analysis of individual data for one million adults in 61 prospective stud-
ies.  Lancet . Dec 14 2002; 360(9349):1903–1913, with permission)       
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absolute risk of events and  number   of events prevented is stronger for stroke than 
coronary heart disease [ 39 – 41 ]. A long-term decrease of 5–6 mmHg in diastolic BP 
after 2–3 years of continuous treatment was associated with about 35–40 % less 
stroke [ 40 ]. In the Hypertension Detection and Follow-up Program study, patients 
with hypertension receiving standardized antihypertensive therapy had a 5-year 
incidence of stroke of 1.9 per 100 persons compared to 2.9 per 100 persons among 
those receiving routine community cares [ 42 ]. In the Systolic Hypertension in the 
Elderly Program, the 5-year incidence of all strokes was 5.2 per 100 with antihyper-
tensive treatment vs. 8.2 per 100 with placebo treatment [ 43 ]. A report from the 
Hypertension in the Very Elderly Trial suggests that patients with hypertension who 
are 80 years of age or older also benefi t from antihypertensive treatment to prevent 
stroke [ 44 ,  45 ]. The BP-reduction component of the SPS3 trial showed that  target-
ing   a SBP <130 mmHg reduce recurrent stroke overall by ≈20 % ( P  = 0.08) but 
statistically signifi cantly reduced ICH by two-thirds.  

    Hypertension as a Risk of Stroke by Stroke Subtype 

 Stroke is usually classifi ed into two major categories: ischemic stroke and hemor-
rhagic stroke. Hemorrhagic stroke can be further divided into strokes caused by an 
intracerebral hemorrhage (ICH) or a subarachnoid hemorrhage ( SAH  ). Approximately 
80 % of strokes are ischemic, 15 % are ICH, and 5 % are SAH [ 46 ]. 

    Hypertension and  Ischemic Stroke      

 Various schemes have been developed to classify ischemic strokes into further sub-
types according to its etiology [ 47 ,  48 ]. Among these stroke subtypes, differences in 
incidence, recurrence rate, long-term survival, and race have been reported [ 49 ,  50 ]. 
Several epidemiological studies have also addressed the relationship between risk 
factors and different stroke subtypes [ 51 – 54 ]. BP is a powerful determinant of risk 
for both ischemic stroke and intracranial hemorrhage [ 55 ]. Differences in the 
strength of association between hypertension and risk of stroke among stroke sub-
types, especially lacunar vs. non-lacunar infarction (or small-vessel disease vs. 
large-vessel disease), have drawn attention. By using the Stroke Data Bank of the 
National Institute of Neurological and Communicative Disorders and Stroke, Mast 
et al. determined that lacunar infarcts, especially multiple ones, were strongly 
related to hypertension (OR 2.5, 95 % CI: 1.1–6.0) [ 56 ]. Hsu et al. compared the risk 
factors of lacunar  infarct   with those of other stroke subtypes among 240 patients 
admitted to a stroke unit and noted that lacunar patients were more likely to have 
hypertension [ 57 ]. Among the 5017 patients enrolled in the German Stroke Data 
Bank, hypertension was signifi cantly more  common   in microangiopathy (79.4 %) 
than in macroangiopathy (70.0 %) cases [ 58 ]. 

D.K. Pandey et al.
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 However, several studies and a systematic review appear to contradict these 
results. Schulz et al. observed no differences between stroke subtypes in regards to 
the association of hypertension and risk of stroke among hospitalized and non- 
hospitalized ischemic stroke patients [ 54 ]. Ohira et al. reported that the impact of 
baseline hypertension on the incidence of  ischemic   stroke did not vary according to 
ischemic stroke subtype in the Atherosclerosis Risk in Communities (ARIC) study 
data [ 59 ]. Similarly, study by Lai et al. showed that while hypertension was the 
most common risk  factor   in fi rst-time or recurrent stroke patients, and the history of 
hypertension was not statistically different by stroke subtypes [ 60 ]. A systematic 
review of 28 studies comparing risk factors in patients with lacunar vs. non-lacunar 
infarction showed that the association between hypertension and lacunar infarction 
is only marginally greater than that of non-lacunar infarction when subtypes were 
defi ned independently of risk factors [ 48 ].  

     Hemorrhagic Stroke   

    Intracerebral  Hemorrhage   

 Evidence from several epidemiological studies demonstrates a strong relationship 
between  ICH   and hypertension [ 61 – 69 ]. A case–control study of  331   consecutive 
primary ICH cases enrolled in the Melbourne Risk Factor Study (MERFS) reported 
a twofold-increased risk of ICH with elevated BP [ 70 ]. Another case–control study 
by Feldmann et al. observed that hypertension is an independent risk factor that 
confers a sixfold higher risk (OR 5.71, 95 % CI: 3.61–9.05) of ICH among men  and   
women aged 18–49 years (Table  2.2 ) [ 71 ]. A systematic review of 11 case–control 
and 3 cohort studies on risk factors for ICH in the general population showed a posi-
tive association between hypertension and ICH with an overall OR of 3.68 in case–
control studies. Among cohort studies, all studies showed a positive association 
between hypertension and ICH, and two studies showed an increasing risk of ICH 
with an increasing degree of hypertension (Table  2.2 ) [ 72 ]. This increase in risk of 
ICH  with   increase in degree of hypertension has been seen in other epidemiological 
studies as well. A pooled analysis of the ARIC and the Cardiovascular Health Study 
(CHS) data also reported this trend. Compared to normal-high normal BP, relative 
risk (RR) (95 % CI) of ICH was 1.43 (0.90–2.26) for BP 140–159/90–99 mmHg, 
2.71 (1.58–4.67) for BP 160–179/100–109 mmHg, and 5.55 (3.07–10.03) for 
BP ≥ 160/110 mmHg (Table  2.2 ) [ 73 ].

   A prospective cohort study carried out within the Alpha-Tocopherol, Beta- 
Carotene Cancer Prevention (ATBC) Study also found a similar trend. The RR 
(95 % CI) of ICH was 2.20 (2.28–6.25) for systolic BP 140–159 mmHg and 3.78 
(2.28–6.25) for systolic BP ≥ 160 mmHg, compared to systolic BP ≤ 139 mmHg. 
RR was 2.10 (1.34–3.31) for diastolic BP 90–99 mmHg and 4.17 (2.58–6.74) for 
diastolic BP ≥ 100 mmHg, compared to diastolic BP ≤ 89 mmHg (Table  2.2 ) [ 52 ]. 
Sue et al. and others found  a   similar association in Asians (Table  2.2 ) [ 74 – 76 ]. 
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 The increased risk associated with blood pressure does not seem to be restricted 
to clinical hypertension. Studies have shown that blood pressure  increases   within 
the normal range are also associated with a linear increase in the risk of ICH [ 52 ]. 
Additionally, the risk of ICH increases with hypertension, in persons who are not 
compliant with antihypertensive medication, are 55 years of age or younger, or are 
smokers [ 77 ]. Improved control of hypertension appears to reduce the incidence of 
ICH [ 78 ]. Given the strength of association, the  high   prevalence of hypertension, 
and the readily available treatment options, blood pressure control is considered the 
main option for prevention of ICH [ 79 ]. 

 Patients receiving long-term oral anticoagulation medication are also at increased 
risk for ICH [ 80 ]. Several risk factors of anticoagulation-associated  bleeding   have 
been investigated: advanced age, history of myocardial infarction or ischemic heart 
disease, diabetes, cerebrovascular disease, concomitant use of antiplatelet agents, 
intensity of anticoagulation, and hypertension [ 81 ,  82 ]. A retrospective study by 
Wintzen et al. found that hypertension was present in 80 % of the anticoagulant- 
associated ICH patients and was the most important predisposing condition [ 83 ]. 
Given that warfarin use has rapidly increased in the last decades, studies have also 
shown a drastic increase in ICH related to warfarin use, though this notion is con-
tested by other studies [ 80 ,  84 ]. Launbjerg et al. found that hypertension was an 
independent risk factor for anticoagulant-related bleeding in a multivariate analysis 
of 551 anticoagulated patients in 1010 treatment years of follow-up [ 85 ]. Analysis 
of pooled data from fi ve randomized trials indicates that the patients who had an 
ICH while taking warfarin had higher systolic and diastolic BPs at study entry than 
those warfarin-treated patients who did not have ICH [ 86 ]. On the other hand, a 
case–control study, comparing 170 patients who developed ICH during warfarin 
therapy and 1020 matched anticoagulated patients who did not have ICH, found no 
statistical difference in the prevalence  of   diagnosed hypertension [ 87 ]. 

 The effect of hypertension on mortality in anticoagulation-associated ICH has 
also been investigated. A retrospective study by Fric-Shamji et al. reported  that 
  higher initial mean arterial pressure was correlated with the propensity of hema-
toma to expand after initial  imaging   and might partially explain the effect on 
mortality [ 87 ].  

    Subarachnoid  Hemorrhage   

 Smoking, hypertension, and  excessive   alcohol use are the most important modifi -
able risk factors for SAH [ 88 ]. An overview of all observational studies of risk fac-
tors for SAH published in English from 1966 through March 2005 reported a 
positive relationship between hypertension and SAH in both cohort (RR 2.5, 95 % 
CI: 2.0–3.1) and case–control studies (OR 2.6, 95 % CI: 2.0–3.1) (Table  2.3 ) [ 88 ]. 
In 1996, a review of 9 longitudinal and 11 case–control studies identifi ed preexist-
ing hypertension as a signifi cant risk factor for the development of SAH, with a rela-
tive risk of 2.8 (for longitudinal studies; 95 % confi dence interval [CI], 2.1–3.6) and 
an OR of 2.9 (for case control studies; 95 % CI 2.4–3.7). Associations between 
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diurnal variations in blood  pressure   and risk of aSAH have also been reported [ 89 , 
 90 ]. A reanalysis of patient data in the APCSC demonstrated that hypertension was 
an independent risk factor for SAH (hazard ratio (HR) 2.0, 95 % CI: 1.5–2.7) (refer 
Table  2.3 ). The risk of SAH increases sharply  with   the increase in systolic BP [ 91 ]. 
This trend was also seen in a large cohort study among Asian populations for both 
men and women (Table  2.3 ) [ 75 ].

   Since the rupture of a cerebral aneurysm causes most SAHs, several  studies   have 
attempted to identify risk factors for the rupture/growth of an aneurysm. Chronically 
elevated  systolic blood pressure (SBP)   has been shown to be a strong predictor of 
intracranial aneurysm rupture. In a recent publication from the Nord-Trøndelag 
Health (HUNT) study, a large population-based study in Norway, both mild (SBP 
130–139 mmHg) and severe (SBP > 170 mmHg) chronic elevations of SBP were 
associated with an increased risk of aSAH in the 22-year follow-up period com-
pared with those with SBP of less than 130 mmHg (hazard ratios of 2.3 and 3.3, 
respectively) [ 92 ]. Family history, age and modifi able risk factors, including ciga-
rette smoking, and hypertension have been thought to increase the risk of rupture 
[ 93 – 95 ]. Among patients with  small   aneurysms (≤7 mm), hypertension, relatively 
young age, and posterior circulation  location   have been reported as signifi cant  risk 
factors f  or rupture [ 96 ]. However, a few studies, using magnetic resonance angiog-
raphy or computed tomography angiography to assess aneurysm growth, did not 
fi nd any relation between aneurysmal growth and hypertension [ 97 – 99 ].    

    Hypertension and Stroke Recurrence 

     Ischemic Stroke Recurrence   

 Despite extensive translational and clinical research, concerted patient education 
with regard to vascular risk factors and lifestyle modifi cations, and a serious  effort   
on the part of health care professionals over the last few decades, only one-third of 
hypertensive patients have blood pressure (BP) controlled to recommended levels 
of <140/90 mmHg for uncomplicated hypertension and <130/80 mmHg for patients 
with diabetes mellitus or renal disease. For those with uncontrolled hypertension, 
the risk of stroke is dramatically increased. In a US population-based study, the 
estimation of population attributable risks has revealed that 9–16 % of all ischemic 
stroke cases can be avoided by eliminating hypertension alone [ 100 ]. 

 Since lowering BP might worsen cerebral perfusion if autoregulation is impaired 
or if a severe carotid artery stenosis is present, lowering BP during the acute phase 
of ischemic stroke has been debated. However, several trials have confi rmed that 
long-term BP control can reduce stroke recurrence [ 25 ,  35 ]. A meta-analysis by 
Gueyffi er et al. reported a 28 % reduction in the risk of stroke recurrence without 
any signifi cant adverse effect with antihypertensive drug treatment in hypertensive 
stroke patients [ 101 ]. The United Kingdom Transient Ischemic Attack Collaborative 
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Group, which followed patients with a recent history of transient ischemic attack, 
amaurosis fugax, or minor stroke for average of 4 years, reported a direct and con-
tinuous relationship of both diastolic and systolic pressure with recurrence of 
stroke. Each 5 mmHg reduction in diastolic pressure and each 10 mmHg reduction 
in systolic pressure  were   associated with 34 and 28 % fewer strokes, respectively 
[ 101 ]. A systematic review of seven randomized control trials reported a 24 % 
(95 % CI: 8–37) reduction in recurrent strokes in patients with prior  ischemic   or 
hemorrhagic stroke or transient ischemic attack with lowering blood pressure or 
treating hypertension with a variety of antihypertensive agents [ 102 ]. In the 
Perindopril Protection Against Recurrent Stroke Study (PROGRESS), antihyper-
tensive treatment resulted in a 43 % (95 % CI: 30–54) reduction in stroke recur-
rence in hypertensive and non- hypertensive patients with history of stroke or 
transient ischemic attack [ 103 ].  

    Hemorrhagic Stroke  Recurrence   

 Both European and Asian studies have suggested that hypertension is a risk factor 
for recurrence of ICH [ 104 – 108 ]. Yen et al. reported a high prevalence of hyperten-
sion among recurrent ICH patients in the Taiwanese population (88.2 %) [ 109 ]. 
Poor control of arterial hypertension was detected in 7 % of hypertensive patients 
without rebleeding and in 47 % of hypertensive patients with rebleeding in a cohort 
of 112 survivors of a fi rst primary ICH in an average 84.1 months of follow-up 
[ 110 ]. After a review of 43 recurrent ICH patients admitted to their hospital, Bae 
et al. reported an increased risk of recurrent hemorrhage among patients who had 
antihypertensive therapy of less than 3 months after the initial ICH compared to 
those with long-term therapy [ 111 ]. This fi nding suggests that long-term control of 
hypertension is necessary to prevent a recurrence of hemorrhage. 

 In this section, we have discussed hypertension as a risk of stroke recurrence on 
ischemic and hemorrhagic stroke separately. However, hypertension has also been 
reported as an independent risk factor of ICH among ischemic  stroke   patients 
(SBP ≥ 140 HR 2.07, 95 % CI: 1.23–3.83) [ 112 ].   

    Importance of Systolic Blood  Pressure   in Elderly 

 Aging is associated with an increase in systolic  BP   and, consequently, ISH (systolic 
BP ≥ 140 mmHg and diastolic BP < 90 mmHg) is the most common subtype of 
hypertension in elderly populations. As the elderly population of most developed 
countries is projected to increase [ 113 ], ISH will continue to gain attention. The rise 
in systolic BP in ISH is mainly due to a decreased elasticity of the large arteries and 
is not necessarily accompanied by a rise in  mean   arterial blood pressure or in periph-
eral resistance [ 114 ]. 
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 Epidemiological studies have indicated that ISH is  an   independent risk factor 
for stroke and a potent modifi able target for reducing the risk for stroke. In the 
Framingham Heart study, individuals with ISH had an increased incidence of 
stroke independent of age and arterial rigidity [ 20 ]. In the Honolulu Heart pro-
gram, the RR of stroke from ISH in Japanese-American men aged 45–54 years and 
men aged 55–68 years was 4.8 and 1.2, respectively [ 115 ]. In the NHANES long-
term follow- up study, stroke risk was signifi cantly higher in individuals with ISH 
(RR 2.7, 95 % CI: 2.0–3.4) [ 116 ]. Meta-analysis of eight clinical trials including 
15,693 patients with ISH showed that the HR for stroke associated with a 10 mmHg 
higher initial systolic BP was 1.22 and active treatment of hypertension reduced 
stroke by 30 % [ 117 ].  

    Conclusion 

 In this chapter, current data pertinent to hypertension and its risk of stroke are 
reviewed. The prevention and management of hypertension are major public health 
challenges [ 118 ]. Despite the availability of therapies, it has been reported that even 
in developed countries, many patients with hypertension remain undetected or 
untreated [ 119 ] The 2009–2012 data from NHANES/NCHS in comparison to 
2005–2006 data showed an increase of 4 % (from 78.7 to 82.7 %) of adult Americans 
with hypertension had awareness of their condition, 76.5% were under current treat-
ment, and almost 9 % (45.4–54.1 %) had it under control (NCHS and National 
Heart, Lung, and Blood Institute (NHLBI)) [ 120 ]. Data from the Framingham Heart 
study show that control rates of BP in men <60, 60–79, and ≥80 years of age were 
38 %, 36 %, and 38 %, respectively. For women in the same age groups, they were 
38 %, 28 %, and 23 %, respectively [ 120 ]. 

 It is not surprising that nontreatment or nonoptimal treatment of hypertension 
is associated with an excess risk of stroke. Compared with treated and controlled 
hypertensives, the RR of stroke for treated and uncontrolled hypertensives and 
for untreated hypertensives who needed treatment was 1.30 (95 % CI: 0.70–2.44) 
and 1.76 (95 % CI: 1.05–2.94), respectively [ 121 ]. It has been reported that there 
is a lack of blood pressure control, particularly in the early morning hours in 
patients receiving seemingly effective antihypertensive therapy [ 122 ,  123 ]. This 
so-called  “morning blood pressure surge”   is reported to coincide with a higher 
prevalence of multiple silent infarcts on magnetic resonance imaging and an 
increased risk for stroke [ 124 ]. Elliott et al. performed a meta-analysis of 31 
publications and reported a 79 % (95 % CI: 72–87 %) increase in stroke of all 
types between 6:00 a.m. and noon compared to the other 18 h of the day [ 125 ]. 
Current evidence suggests that ambulatory blood pressure monitoring may pro-
vide a more sensitive means of detecting patients at risk and monitoring thera-
peutic effect [ 126 ]. More studies on how to effectively control hypertension are 
needed to prevent stroke.    
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    Chapter 3   
 Blood Pressure Control and Primary 
Prevention of Stroke: Summary of Clinical 
Trial Data                     

     William     J.     Elliott     

       Hypertension, or  high blood pressure   (BP), is the most important modifi able risk 
factor for stroke [ 1 – 5 ], accounting for 54 % of the population-attributable risk 
worldwide in a recent global health model [ 6 ]. Stroke is the second leading cause 
of death worldwide (although recently fi fth, after heart disease, cancer, chronic 
lower respiratory diseases, and unintentional injuries in the USA [ 7 ]) and ranks 
very highly as a cause of adult disability in all countries. As developing nations 
overcome problems related to sanitation and infant mortality, hypertension is 
expected to become the most important risk factor worldwide for premature mor-
tality and morbidity among adults. The purpose of this chapter is to review the 
existing clinical trial evidence supporting the use of antihypertensive drug therapy 
to prevent a fi rst stroke. Unfortunately, many such clinical trials enrolled individu-
als with a history of a prior stroke (who are typically at 3–4 times the risk of stroke 
as people without such a history), and reported only the aggregated results. Some 
investigators have attempted to retrieve the numbers of such subjects (and the num-
bers who suffered a recurrent stroke) from some of the earlier clinical trials [ 8 ]. 
Two trials (e.g., the Heart Outcomes Prevention Evaluation and the Study on 
Cognition and Prognosis in the Elderly) have reported suffi cient data in different 
publications to be able to calculate these parameters [ 9 – 12 ]. Since the results of 
many recent and large trials have not disclosed results in this fashion, only the 
small set of clinical trials can be examined for which there are data about primary 
strokes (i.e., those studies that excluded subjects with a history of a prior stroke, or 
studies that reported the numbers of subjects with prior stroke who suffered a recur-
rent stroke). Fortunately, the results of these meta-analyses differ very little from 
the overall conclusions (which are based on  all  studies that reported aggregated 
primary and recurrent strokes). 
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    Clinical Trials Involving Placebo or No Treatment 

 There have been 35 trials that observed strokes and involved comparisons of pla-
cebo or no treatment (hereinafter called “Placebo”) with active  antihypertensive 
agents   (Table  3.1 ). The importance of the link between BP-lowering and stroke can 
be illustrated by the fact that many of these important clinical trials used “incident 
fatal or nonfatal stroke” as their pre-specifi ed primary endpoint, and based their 
power calculation on an estimate of the effi cacy of BP-lowering drugs in preventing 
stroke [ 20 ,  24 ,  25 ,  29 ,  30 ,  35 ,  40 ,  43 ]. Many of these trials were performed during 
the last millennium, when placebo or no treatment was still ethical in outcomes 
studies; most recent trials have compared outcomes in subjects whose established 
antihypertensive medication regimen was augmented by the addition of a placebo 
or one or more active antihypertensive agents, as an attempt to control BP was con-
sidered mandatory [ 9 – 12 ,  31 – 34 ,  36 – 42 ,  44 ,  45 ]. It is likely, therefore, that the early 
studies (in which placebo-treated patients typically were allowed to receive “res-
cue” active antihypertensive drug therapy only if the BP exceeded thresholds) 
showed a larger impact of  antihypertensive drugs   on primary stroke prevention than 
more recent studies, because efforts to control BP were made in both randomized 
groups. An exception to the generally benefi cial effect of antihypertensive drug 
therapy on primary stroke prevention was seen in the Effi cacy of Candesartan on 
Outcome in Saitama Trial (ECOST [ 39 ]), which showed signifi cant secondary (but 
not primary) prevention of stroke in subjects given candesartan; some meta- analyses 
exclude this study, because it was single-blind, did not include placebo, and the 
comparator was ill-defi ned. The other major  caveat  about these results is that, in all 
trials, some subjects chose to discontinue their assigned treatment; in each arm this 
decision “biases the result of the trial toward the null.” As a consequence, the esti-
mates of the effectiveness of antihypertensive drug therapy are typically biased in a 
pessimistic direction, i.e., the results obtained in general medical practice with 
patients who follow their healthcare providers’ recommendations are likely to be 
even  better  than those shown here.

   A good example of these challenges is the earliest, multicenter, placebo- 
controlled long-term trial of antihypertensive drug treatment that recorded 
stroke outcomes, the Veterans Administration’s Cooperative Study Group on 
Antihypertensive Agents [ 13 ]. In the 143 subjects with diastolic BPs between 
115 and 129 mmHg (after 7 days of hospitalization, bed rest, and a low-sodium 
diet), there were 11 with a prior thrombotic stroke. It has not been revealed if 
the fi ve strokes observed before the study’s early termination (at 18 months) 
occurred in individuals with a prior history of stroke. Among those randomized 
to placebo, seven experienced “treatment failure” necessitating termination of 
participation (at an average of 17 months), and active antihypertensive drugs 
were given. 

 The results of these trials can be summarized in many different ways 
(Fig.  3.1 ), but the results are quite similar. If one restricts the meta-analysis to 
the nine studies that randomized subjects to  initial  therapy with either placebo 
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  Fig. 3.1    Meta-analysis of placebo-controlled clinical trials of antihypertensive drugs that reported 
fi rst (or fi rst and recurrent) strokes. The trials above the  broad horizontal line  include only hyper-
tensive subjects suffering a fi rst stroke. The distinctions between groups of trials are discussed in 
the  text . The “ boxes ” (representing the point estimates of relative risk, RR) are drawn in proportion 
to the number of strokes, and the  horizontal lines  represent the 95 % confi dence intervals for each 
trial. The meta-analytic results (drawn in the fi gure as  squares ) above the  dashed horizontal line  
(above “HOPE”) showed no signifi cant inhomogeneity in fi xed-effects models. When trials that 
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or antihypertensive drug therapy,  and  included only subjects with no prior 
 history of stroke [ 11 ,  12 ,  15 – 20 ,  22 ,  25 ], there is no signifi cant inhomogeneity 
across studies [ P  (homogeneity) = 0.28], and the combined relative risk for a 
fi rst stroke is 0.69 (95 % confi dence interval: 0.60–0.79,  P  < 0.0001). If one then 
adds the trial that used no treatment (rather than placebo) in the control group 
[ 23 ], there is little change (combined relative risk = 0.68, 95 % CI: 0.60–0.77). 
After adding data from a study that simply added an angiotensin converting-
enzyme (ACE)- inhibitor   or placebo to whatever other antihypertensive therapy 
was required [ 9 ,  10 ], the combined relative risk for  all  11 studies that reported 
only  initial  strokes is therefore 0.67 (95 % CI: 0.60–0.75), with the  P  (homoge-
neity) = 0.37 (data not shown).

   This conclusion is relatively robust to adding the results of clinical trials that 
included subjects with a history of prior strokes, but for which the numbers of sub-
jects with recurrent strokes has not been revealed. Below the thick horizontal line in 
Fig.  3.1  are included, in sequence, the placebo-controlled studies that used initial 
therapy [ 13 ,  14 ,  21 ,  24 ,  26 ,  27 ,  29 ,  32 ,  33 ,  35 ,  39 ,  43 ], the two non-randomized 
studies [ 28 ,  29 ], the trial that randomized hypertensive subjects to placebo or a 
calcium antagonist as second-line therapy [ 40 ], and the trial that added either pla-
cebo or a calcium antagonist to whatever other antihypertensive drugs were already 
being taken [ 38 ]. The combined relative risk for stroke for these trials is 0.66 (95 % 
CI: 0.62–0.71), with a  P  (homogeneity) = 0.32. Lastly, one can add the results of 
trials in which “add-on” placebo or antihypertensive drug was given, but the sub-
jects were not all hypertensive; [ 31 ,  34 ,  36 ,  37 ,  41 – 43 ,  45 ] many object to this, 
however, because the study populations become much less homogeneous. This may 
be the reason for the signifi cant inhomogeneity ( P  < 0.002) in the fi xed-effects 
meta- analysis of these data. Nonetheless, using a random-effects model, the pooled 
relative risk for stroke across all 34 trials involving placebo or no treatment (whether 
primary or mixed primary/secondary stroke prevention) is 0.73 (95 % CI: 0.70–
0.77,  P  < 0.0001). 

 One of the most important conclusions from this dataset can be illustrated in 
Fig.  3.2 . Across all trials, the number of strokes prevented (per 1000 subject-years) 
is directly proportional to the absolute risk of stroke (per 1000 subject-years, in the 
placebo-treated group). The corollaries to this are: “It is diffi cult, if not impossible, 
to prevent a stroke in a person who has a very low risk of a stroke,” and conversely, 
“The higher the baseline risk of stroke, the greater the number of people who will 
benefi t from treatment.” The relationship is strengthened even further if  placebo- 
controlled trials   of secondary stroke prevention (e.g., the Perindopril pROtection 
aGainst REcurrent Stroke Study) are added.

Fig. 3.1 (continued) included non-hypertensive subjects were added (below the  dashed horizon-
tal line ; see text for details), the random-effects model showed a similar overall result (drawn as a 
 rhombus ) as the prior meta-analyses, despite signifi cant inhomogeneity in the fi xed-effects model. 
These data suggest that the point estimates and confi dence limits for these meta-analyses are robust 
to many alterations in the dataset (and the rigor with which trials are included or excluded). For 
expansions of acronyms of trials, see Tables  3.1  and  3.2        

3 Blood Pressure Control and Primary Prevention of Stroke: Summary of Clinical…
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      Clinical Trials Comparing Two or More Active  Antihypertensive 
Drugs   

 Thirty-four clinical trials that reported strokes compared two or more active antihy-
pertensive drugs in primarily hypertensive patients (Table  3.2 ).    Note that three trials 
included a placebo-arm (and are therefore also listed in Table  3.1 ) [ 21 ,  27 ,  35 ], and 
that all except ONTARGET had hypertension as an inclusion criterion. Only fi ve of 
these studies were planned as primary prevention trials [ 46 ,  47 ,  51 ,  52 ,  54 ]. The 
other 29 have enrolled at least one subject with a prior stroke, and none have 
reported the numbers of subjects that suffered a fi rst vs. second stroke.

   The lack of solid data about primary stroke prevention in hypertension trials can 
be illustrated by the results of a network meta-analysis of the data (nine placebo- 
controlled trials, six actively controlled trials). Unfortunately, the numbers of trials 
reporting observed fi rst strokes is one with an angiotensin receptor blocker ( ARB  ), 
and only two  e  ach for a calcium antagonist or an  ACE-inhibitor  . This leads to a 
high degree of “incoherence” ( ω  = 0.136) in the model, and nonsignifi cant point 
estimates for regimens beginning with anything but a diuretic or β-blocker (data 
not shown). 

 These results stand in sharp contrast to those obtained from those derived from 
“the preponderance of the evidence,” i.e., all trials comparing an  initial  placebo and/
or  initial  antihypertensive drugs in trials involving only hypertensive subjects 
(Fig.  3.3 ). For this more extensive network (involving 50 trials, 62 comparisons, 
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  Fig. 3.2    Relationship of the absolute risk of stroke (calculated as strokes per 1000 subject-years 
in the placebo-treated group) and the number of strokes prevented by treatment (per 1000 subject- 
years). Data from individual trials are plotted as  squares , with the area of each square proportional 
to the number of strokes reported for each trial. The correlation coeffi cients for this relationship 
were 0.86,  P  < 0.001 for unweighted data, and 0.89,  P  < 0.001 for weighted data       
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8877 strokes, and 275,103 subjects), the incoherence value was very small 
( ω  < 0.000004), suggesting a high degree of internal consistency. All fi ve classes of 
antihypertensive drugs signifi cantly (all  P  < 0.00001) prevented stroke, better than 
placebo (Fig.  3.3 ). If the referent agent was arbitrarily changed to “Diuretic,” the 
incoherence does not change, and all pair-wise comparisons (except the calcium 
antagonist and ARB) remained signifi cant, indicating that Placebo (odds ratio 1.64, 
95 % confi dence interval: 1.47–1.83,  P  < 0.0001), β-Blocker (odds ratio: 1.20, 95 % 
CI: 1.09–1.33,  P  < 0.0004), ACE-inhibitor (odds ratio: 1.16, 95 % CI: 1.05–1.28, 
 P  < 0.005) were signifi cantly inferior to a  Diuretic   in preventing stroke. The differ-
ences between the Diuretic and Calcium Antagonist (odds ratio 0.99, 95 % CI: 0.90–
1.08,  P  = 0.75), or between the  Diuretic   and ARB (odds ratio 1.06, 95 % CI: 0.92–1.23, 
 P  = 0.43), were not signifi cant. These conclusions were robust to a wide range of 
changes in the dataset (e.g., omit ACCOMPLISH, as it studied initial combinations 

  Fig. 3.3    Results of network meta-analysis of 50 clinical trials in 275,103 hypertensive subjects 
comparing placebo (or no treatment) and/or initial active antihypertensive drugs for prevention of 
stroke. When available, the numbers of subjects at risk for and suffering fi rst strokes were used; 
otherwise the total numbers of subjects at risk for and suffering a fi rst or recurrent stroke were 
used. The “ box ” corresponding to the point estimate of the effect size (relative to placebo) is drawn 
in proportion to the number of strokes observed with that class of antihypertensive drugs across all 
trials; the  horizontal lines  through the “boxes” correspond to the 95 % confi dence intervals for 
each point estimate. Note that this model has a high degree of internal consistency (as the incoher-
ence value,  ω  < 0.000004).  CI  confi dence interval,  CCB  calcium channel blocker,  ACE-I  angioten-
sin converting-enzyme inhibitor,  ARB  angiotensin receptor blocker       
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of agents; allocate the results of Scandinavian trials [ 26 ,  53 ,  55 ,  57 ] that used the 
physician’s choice of either an initial β-blocker or an initial  diuretic   as “Conventional 
Therapy”) to β-Blocker, Diuretic, or a 60:40 attribution of risk (similar to the reported 
distribution of initial treatments; data not shown).

   If one broadens the  criteria    for   entry into the network meta-analysis in a stepwise 
fashion, including trials that enrolled only hypertensive subjects, randomized anti-
hypertensive agents as second- or third-line therapy, and reported fi rst strokes, and 
next including other trials that included non-hypertensive subjects [ 9 ,  10 ,  31 ,  34 ,  36 , 
 37 ,  41 ,  42 ,  44 ,  72 ], the incoherence value increases ( ω  = 0.049, then 0.074), suggest-
ing that the model progressively deteriorates, similarly to the inhomogeneity of 
fi xed-effects meta-analysis of all placebo-controlled trials, discussed above. 
However, the overall conclusions regarding effi cacy in stroke prevention remain 
stable (i.e., all classes of antihypertensive drugs are signifi cantly superior to pla-
cebo, with very similar rank-ordering). Intuitively, this result makes sense (and is 
consistent with Fig.  3.2 ), because giving antihypertensive drugs to individuals who 
do not have elevated BPs, and/or are unlikely to lower their BPs very much with 
these drugs, should be less likely to prevent strokes than giving the same drugs to 
hypertensive individuals.  

    Blood Pressure Lowering: Relationship to Primary  Stroke 
Prevention   

 The traditional way to try to interrelate  BP-lowering   and stroke prevention is a 
meta-regression analysis, plotting the difference in achieved (systolic) BP (as the 
independent variable) and the odds ratio for stroke (as the dependent variable; see 
Fig.  3.4  for an example). The reason for using systolic, rather than  diastolic   BP is 
that many of the studies in older patients enrolled subjects with near-normal dia-
stolic BPs, and therefore the differences in diastolic BPs are not nearly as impres-
sive as the differences in systolic BP. If one includes enough comparisons, there is 
a signifi cant curvilinear relationship: trials having a larger difference in achieved 
(systolic) BP show lower odds ratios for stroke [ 77 – 79 ]. Although estimated central 
aortic pressure (rather than systolic BP) differences for each comparison correlated 
nearly linearly with stroke prevention [ 80 ], central aortic pressure was directly esti-
mated in hypertensive subjects in a substudy of a single outcomes-based trial [ 81 ].

   Some have claimed that calcium antagonists signifi cantly prevent stroke, inde-
pendent of their BP-lowering effects. Most, however, would agree with the overall 
conclusion of the Task Force for the Management of Arterial Hypertension of the 
European  Society   of Hypertension and the  European Society of Cardiology  , which 
 wa  s fi rst made public in 2007 (and ratifi ed twice since then): “Comparative random-
ized trials show that for similar blood pressure reductions, differences in the inci-
dence of cardiovascular morbidity and mortality between different drug classes are 
small, thus strengthening the conclusion that their benefi t depends largely on blood 
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pressure lowering per se” [ 82 ]. This international panel of experts estimated the 
“BP-independent effect” of calcium antagonists on stroke or ACE-inhibitors on 
 CHD   as 5–10 % of the “dominant protective effect exerted by blood pressure lower-
ing” [ 82 ]. Nonetheless, a meta-analysis and meta-regression analysis of 22 trials 
that measured changes in  carotid intima-medial thickness   indicated a signifi cantly 
lower rate of carotid intima-media thickening in trials involving calcium antago-
nists, which was apparently independent of their BP-lowering effects [ 83 ]. While 
this information is consistent with (and may provide a pathophysiological explana-
tion for) the idea that calcium antagonists have a “BP-independent effect” on pre-
venting stroke, it does not prove that the phenomenon is true. 

 There has also been much discussion in the recent literature that  ARBs   might be 
particularly protective against stroke, especially a second stroke [ 39 ,  84 ,  85 ]. In 
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  Fig. 3.4    Meta-regression plot of the relationship between the difference in achieved systolic 
blood pressure between randomized arms vs. the odds ratio for stroke for the larger trials in 
Tables  3.1  and  3.2 . Note that trials with fewer than 58 strokes (5 % of those observed in the 
chlorthalidone-lisinopril comparison in the Antihypertensive and Lipid-Lowering to prevent Heart 
Attack Trial) are not shown, as their symbols are below the resolution of the fi gure. Trials involv-
ing an angiotensin receptor blocker are denoted by a  triangle , calcium antagonists by  squares , 
ACE-inhibitors by  circles , and both of the latter by an  octagon. Open symbols  denote placebo- 
controlled trials. The area of each symbol is proportional to the number of strokes observed in each 
trial. The identity of each symbol can be ascertained by reference to Tables  3.1  and  3.2 . Note that 
91 % of the area for all symbols falls within the  dark ,  curved ,  dotted lines , representing the upper 
and lower 95 % confi dence limits for the signifi cant ( P  < 0.0001) meta-regression analysis that was 
based on the results of placebo-controlled trials of diuretic and/or β-blocker reported before the 
year 2000. (Data from Staessen JA, Wang J-G, Thijs L. Cardiovascular prevention and blood pres-
sure reduction: A quantitative overview updated until 01 March 2003. J Hypertens. 
2003;21:1055-1076)       
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primary stroke prevention, the Losartan Intervention For Endpoint reduction (LIFE) 
trial showed a signifi cant lowering of stroke (with very little long-term BP differ-
ence) [ 60 ], and other studies involving ARBs showed (individually) a nonsignifi -
cant benefi t for stroke prevention [ 11 ,  12 ,  44 ,  45 ]. More recent and much larger 
studies of ARBs for primary or secondary stroke  prevention   have failed to verify 
these earlier observations [ 44 ,  68 ,  72 ,  74 ,  75 ,  86 ]. Yet the data from each of these 
large trials fall quite within the expected ranges in the meta-regression plots of dif-
ferences in observed systolic BP vs. odds ratio for stroke. 

 So far, only two trials have directly tested the hypothesis that greater BP-lowering 
(using very similar, if not identical, drug regimens) would result in a different risk 
of stroke [ 87 ,  88 ]. Some believe that there must be a BP below which further 
BP-lowering should be harmful, as few people survive long with systolic 
BPs < 60 mmHg. However, when 17,980 hypertensive subjects in the Hypertension 
 Optimal Treatment Study   were randomized to diastolic BP targets of ≤80, ≤85, or 
≤90 mmHg, treated intensively with multiple-drug regimens (calcium antagonist 
initially, followed by an ACE-inhibitor), and then followed prospectively in an 
open-label fashion for 3.8 years, there were no signifi cant differences in stroke 
across the three groups ( P  = 0.74) [ 87 ]. Although the  actual  differences  in   diastolic 
BPs across the groups were much less than originally planned (~2 vs. 5 mmHg), the 
clear conclusion was that lowering BP further than what is currently recommended 
would be neither helpful or harmful with respect to stroke for the general hyperten-
sive population [ 87 ]. In contrast, the HOT study clearly showed the benefi ts of the 
lower-than-usual BP for diabetics, as those randomized to the lowest target (dia-
stolic BP ≤ 80 mmHg) enjoyed a signifi cant 51 % reduction in cardiovascular events, 
compared to those treated to the “conventional” target (diastolic BP ≤ 90 mmHg) 
[ 87 ]. Similar conclusions were derived from the more recent and  larger      Action to 
Control Cardiovascular Risk in Diabetics ( ACCORD  ) trial [ 88 ]. A signifi cant ben-
efi t for the lower systolic BP target (achieved: 119.3 mmHg) was seen for stroke 
(41 % reduction in any stroke, 37 % reduction in nonfatal stroke), compared to those 
treated to the conventional systolic BP target (achieve 133.5 mmHg),    but the overall 
12 % reduction in major cardiovascular events was not signifi cant ( P  = 0.20). These 
data are but part of the rationale for why recent hypertension guidelines [ 1 – 4 ] have 
abandoned the lower-than-usual BP targets that had been recommended previously 
for high-risk groups (e.g., patients with diabetes, chronic kidney disease, and coro-
nary heart disease).   

    Conclusions 

 Although  fi rst  strokes have been reported in only 9 of the 35 placebo- controlled 
clinical trials (and constitute only 21 % of the number of strokes), the conclusion that 
antihypertensive drug therapy prevents about 32 % of strokes in these nine trials falls 
close to the 95 % confi dence limits for the result of the meta-analysis across all 35 
placebo-controlled trials (23–30 %), many of which included non-hypertensive 
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subjects, or gave randomized drugs as second-line therapy. In network meta-analysis 
of 50 trials involving 275,103 subjects (all of whom had hypertension), 62 pair-wise 
comparisons, and 8877 strokes, all fi ve major antihypertensive drug classes showed 
signifi cant prevention of stroke, compared to placebo or no treatment, with an initial 
diuretic or calcium antagonist being more effective than other drug classes. Nearly 
all of the trials have shown better stroke prevention in the arm(s) that achieved a 
lower systolic BP, although calcium antagonists may have a small (but signifi cant) 
BP-independent effect on stroke prevention. Since elevated BP is the most common 
population-based remediable risk factor for stroke, more attention to achieving and 
maintaining a BP < 140/90 mmHg should be a high-priority public health goal. 
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    Chapter 4   
 Mechanisms Underlying Essential 
Hypertension: Neurogenic and 
Non- neurogenic Contributors                     

     Scott     H.     Carlson      ,     Sean     Stocker      , and     J.     Michael     Wyss     

       Stroke is the fourth leading cause of death in the USA and a leading cause of 
incapacitation, often leaving individuals permanently impaired and unable to 
work or live independent lives. One of the leading risk factors for stroke is hyper-
tension, and the risk of stroke is directly proportional to the elevation and dura-
tion of high blood pressure [ 1 – 3 ]. Furthermore, hypertension also contributes 
signifi cantly to cardiovascular disease, which itself increases the risk of stroke. 
Despite the prevalence of hypertension, its signifi cant negative impacts on health, 
and nearly a century of research, the  mechanism  s underlying the chronic increase 
in arterial pressure in most hypertensive individuals remain elusive. As initially 
elucidated by Guyton and others, renal factors are a prominent contributor to 
hypertension in many individuals, but an increasing amount of research indicates 
that the sympathetic nervous system and its interactions with vasoactive hor-
mones and intracellularly generated substances also contribute to the pathogene-
sis of hypertension. This chapter reviews the evidence, suggesting that a 
neurogenic mechanism can chronically elevate peripheral resistance and arterial 
pressure, and interactions between the sympathetic nervous system and the hor-
mones (e.g., angiotensin and nitric oxide) act synergistically to increase blood 
pressure. Finally, it reviews the role of intraneuronal reactive oxygen species 
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(ROS) in the modulation of sympathetic activity and the role of the eicosanoid 
20-hydroxyeicosatetraenoic acid (20-HETE) in vascular smooth muscle regula-
tion in both hypertension and stroke-induced vasospasm. 

    The  S  ympathetic Nervous System and Hypertension 

 Over the past 40 years, clinical studies and animal research have strongly suggested 
that sympathetic nervous system overactivity contributes to several forms of  essen-
tial hypertension   [ 4 ,  5 ]. However, what leads to this elevated sympathetic activity is 
unclear. The rostral ventrolateral medulla ( RVLM  ) is the principal nucleus in the 
brain that provides the tonic drive to preganglionic neurons in the spinal cord inter-
mediolateral nucleus to support  sympathetic nervous system   activity. The RVLM 
neurons are sensitive to baroreceptor feedback to the CNS and spontaneously dis-
charge at a frequency that corresponds to basal sympathetic nervous system activity 
[ 6 ]. The basal activity has been attributed to both autorhythmic pacemaker proper-
ties and/or synaptic inputs [ 7 ]. Chemical excitation of RVLM neurons increases 
sympathetic nerve activity and blood pressure, and these neurons mediate acute 
refl exive changes in sympathetic outfl ow to a variety of physiological challenges, 
and more importantly, numerous studies indicate that neurogenic hypertension 
arises from altered RVLM neuronal properties and/or increased excitatory synaptic 
input thereby increasing sympathetic nervous system activity, augmenting vasocon-
striction and thus elevating arterial pressure (see [ 5 ,  8 ]; Fig.  4.1 ). Increased excit-
atory drive (or decreased inhibitory input) in neurogenic hypertension may arise 
several brain regions including but not limited to: various hypothalamic nuclei 
including the paraventricular nucleus and dorsomedial hypothalamus, the caudal 
pressor area in the brain stem [ 9 ,  10 ], chemoreceptor input [ 11 ], sodium excitation 
of neurons in the AV3V region of the forebrain [ 12 ], and the inhibitory inputs from 
baroreceptors and other CNS sites such as the caudal ventrolateral medulla. 
Published studies by a number of laboratories suggest that modulation of these 
inputs via increased excitatory or reduced inhibition to the RVLM contributes to 
 neurogenic hypertension      [ 5 ,  6 ,  12 – 15 ].

   Given the role of renal function in  cardiovascular homeostasis  , much of the 
research into sympathetic nervous system overactivity has focused on the renal 
sympathetic nerves and their overactivity. Renal denervation reduces hypertension 
in several rodent models [ 16 – 19 ] and in non-responsive hypertensive individuals 
[ 17 ,  20 ]. However, a growing body of evidence indicates that sympathetic control 
of other vascular regions may also contribute to at least some forms of hyperten-
sion.     Splanchnic nerve activity   is elevated in response to infusion of pressor doses 
of angiotensin [ 21 ], and ablation of the splanchnic nerves attenuates hypertension in 
Dahl-S [ 22 ] and angiotensin-NaCl hypertension [ 23 ]. Interestingly, in Dahl-S rats, 
both renal and splanchnic denervation reduce arterial pressure, while in angiotensin- 
NaCl treated rats splanchnic, but not renal, denervation attenuates hypertension. 
Similarly, angiotensin-NaCl rats display an increased splanchnic nerve activity 
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while renal nerve activity is reduced [ 24 ]. These results suggest that sympathetic 
nervous activity is not uniformly distributed to all organs, and in contrast changes 
to each region are individually controlled. This concept is supported by a growing 
number of studies [ 25 – 27 ], and suggests that each form of hypertension may have a 
unique sympathetic outfl ow pattern. 

 Elevated sympathetic nervous system activity may result from impairment of 
 neurohumoral refl exes  . Probably the most widely studied feedback systems are 
the arterial baroreceptors (which respond to changes in arterial pressure), cardio-
pulmonary receptors (which detect changes in blood volume), and chemorecep-
tors (which respond to changes in blood gas levels and pH). All of these feedback 
mechanisms respond to acute changes in the parameters they monitor and alter 
autonomic nervous system activity to maintain baseline arterial pressure (Fig.  4.1 ). 
While impaired sensory feedback can cause acute, large elevations in arterial 
pressure, the role of such alterations in chronic hypertension remains debatable. 
Bristow et al. [ 28 ] were the fi rst to suggest that arterial baroreceptor imbalance 
could chronically alter arterial pressure regulation; however, extensive work by 
Cowley and Guyton demonstrated that in dogs, the elimination of barorefl ex feed-
back increased the lability of blood pressure, but did not increase the average 

  Fig. 4.1    Arterial .   pressure is a function of sympathetic nervous system (SNS) activity, circulating 
endocrine factors, and renal function. SNS activity is regulated by the spontaneous discharge of 
neurons in the rostral ventrolateral medulla ( RVLM  ), which are regulated by baroreceptor and 
chemoreceptor input to the nucleus of the solitary tract (NTS) and innervation from the caudal 
pressor area of the medulla and from hypothalamic regions, e.g., the paraventricular (PVN), lateral 
hypothalamic area (LHA), and anterior hypothalamic (AHN) nuclei       
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arterial pressure [ 29 ]. Subsequent studies demonstrated that in response to sus-
tained increases in arterial pressure, baroreceptors rapidly reset to a new set point 
and, thereafter, adjusted autonomic nervous system activity to defend the new 
arterial pressure set point. These fi ndings led to the hypothesis that  baroreceptors   
are only short-term regulators of autonomic activity and are not involved in 
chronic, neurogenic hypertension (reviewed in Cowley [ 30 ]). 

 In contrast to this common wisdom of earlier decades, a number of recent stud-
ies suggest that  baroreceptors   have a more chronic role in the regulation of auto-
nomic nervous system activity and, therefore, may contribute to elevated 
sympathetic outfl ow and sustained hypertension in some individuals. Studies by 
Thrasher and by Lohmeier suggest that baroreceptors can chronically inhibit the 
sympathetic nervous system and that imbalances in these refl ex feedbacks can lead 
to sustained hypertension [ 31 – 33 ]. Other studies indicate that while baroreceptor 
control of heart rate resets to higher pressure, renal sympathetic nerve activity and 
renal function do not reset [ 34 ,  35 ]. This suggests that, similar to the individual 
sympathetic outfl ow patterns discussed above, refl ex control of autonomic activity 
is non- uniform and depends on the specifi c sensory stimuli. For example, in 
angiotensin- NaCl rats, heart and splanchnic control have a clearly different time-
course [ 36 ], and blockade of nitric oxide production in rabbits results in a  greater   
decrease in renal (compared to lumbar) sympathetic activity. In contrast, volume 
expansion decreases only renal nerve activity, and hypoxia changes both lumbar 
and renal nerve activity similarly. These fi ndings, along with similar studies [ 26 , 
 27 ,  37 ], indicate that activation of baroreceptors (or other sensory afferents) leads 
to differential regional control of sympathetic nerve activity, and thus, sympathetic 
nervous system activity is likely not uniformly reset following sustained changes 
in arterial pressure. Differential changes in regulation of these distinct sympathetic 
pathways may lead to imbalances that underlie a chronic role for barorefl exes in 
hypertension.  

    Higher  Nervous System Regulators   of Blood Pressure 

 In addition to potential alterations in refl ex control of autonomic activity, sympa-
thetic overactivity may result from central regulators of  arterial pressure.   While the 
RVLM has been extensively studied because of its role as the brain’s tonic sympa-
thetic nervous system drive and a dominant acute arterial pressure regulator, higher 
brain areas coordinate the activity of RVLM and other sympathetic nervous system 
regulatory neurons. The hypothalamus has emerged as one of the major regulators 
of this coordinated output to the autonomic nervous system (Fig.  4.1 ). 

 Among the areas of the hypothalamus that appear to be important in this regula-
tion are lateral posterior hypothalamus, paraventricular hypothalamic nucleus 
(PVN), and anterior hypothalamic area nuclei. The lateral hypothalamic area pre-
dominantly contains sympathoexcitatory neurons, whereas the anterior and preoptic 
regions tend to be sympathoinhibitory. In rats made hypertensive by administration 
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of the steroid deoxycorticosterone acetate and a high salt diet, stimulation of the 
posterior or lateral hypothalamus increases arterial pressure and heart rate, whereas 
lesions of the posterior hypothalamus reduce arterial pressure [ 38 ]. Furthermore, 
the lateral hypothalamic area, dorsomedial hypothalamus, and the hypothalamic 
arcuate nucleus respond to circulating leptin levels and thereby play a role in 
increases of sympathetic activity and blood pressure, and these, at least in part, 
appear to lead to hypertension that accompanies obesity [ 39 ,  40 ]. 

 In  PVN  , magnocellular neurons synthesize and release vasopressin into the cir-
culation, while parvocellular neurons project mono- or poly-synaptically to several 
CNS cardiovascular control nuclei, including the RVLM, area postrema, NTS, and 
the intermediolateral nucleus of the spinal cord. Through these connections the par-
vocellular neurons alter cardiovascular function. Conversely, the PVN receives 
input from a large number of regions in the brain, including those associated with 
osmotic control (the organum vasculosum of the lamina terminalis, subfornical 
organ, and median preoptic nuclei), appetite and energy metabolism (lateral hypo-
thalamus, arcuate nucleus), stress and other areas that exert effects on blood pres-
sure [ 41 ]. Thus, it is clear that the role of the  PVN   is to integrate inputs from a 
variety of sources and modify  RVLM   activity accordingly. 

 The  anterior hypothalamic region   contains several areas that are important in 
cardiovascular control, including the anteroventral third ventricle, which can con-
tribute to hypertension in several animal models. The median preoptic nucleus 
appears to underlie many of these cardiovascular effects ( see , e.g., [ 42 ,  43 ]). Other 
preoptic nuclei regulate vasopressin release and water balance and contribute, at 
least indirectly, to arterial pressure control. The anterior hypothalamic nucleus, 
along with the preoptic area, provides important sympathoinhibitory infl uences, 
most of which are mediated by projections to sympathoexcitatory nuclei in the dien-
cephalon and brain stem. An example of their importance is seen in spontaneously 
hypertensive rats (SHRs), in which diets high in salt exacerbate hypertension, at 
least in part, by reducing sympathoinhibitory drive from the anterior hypothalamic 
nucleus [ 44 ]. 

 Several cortical regions of the brain also appear to infl uence blood pressure, 
especially in relation to volitional [ 45 ] or emotional situations [ 46 ]. These include 
the prefrontal cortex [ 45 ] and several limbic regions such as the anterior cingulate 
and insular cortices and the amygdala [ 47 ]. Whether these regions contribute to 
hypertension is not known. 

    The  Renin–Angiotensin System   and Hypertension 

 Circulating endocrine factors contribute signifi cantly to arterial pressure regulation 
via peripherally mediated actions and may serve as causative factors in hyperten-
sion. Of these, the renin–angiotensin–aldosterone system (RAAS) is probably the 
most thoroughly studied circulating hormone, largely because angiotensin II (AII) 
exerts potent vasoconstrictor effects and is a powerful regulator of blood volume. 

4 Mechanisms Underlying Essential Hypertension: Neurogenic and Non-neurogenic…



68

Of the current arsenal of antihypertensive drugs, angiotensin-related pharmaceuti-
cals have emerged as one of the most effective antihypertensives for a majority of 
patients. Furthermore, several rodent models of hypertension display a strong link-
age to circulating AII, including SHRs, TGR mRen2 rats, Dahl salt- sensitive rats, 
DOCA-salt rats, and renal hypertensive rats [ 48 ]. While AII appears to raise arterial 
pressure in these models, at least in part, through inappropriate volume retention or 
increased vascular resistance, these models are also characterized by elevated sym-
pathetic activity. This has led researchers to hypothesize that an overactive RAAS 
may elevate arterial pressure both through its peripheral actions and by directly 
augmenting sympathetic nervous system activity. 

 One central action by which AII may modify autonomic outfl ow is by inhibition 
of  baroreceptor function   (Fig.  4.2 ). Several studies have demonstrated that barore-
ceptor control of arterial pressure is signifi cantly blunted following AII infusion 
[ 49 ], and this can be blocked by administration of an AII type 1 (AT 1 ) receptor 
blocker [ 50 ]. This effect extends to many hypertensive rat models, including SHR 
[ 50 ], the high renin TGR(mREN2)27 [ 51 ], two-kidney one-clip [ 52 ,  53 ], and the 
Lyon [ 54 ]. Conversely, angiotensinogen transgenic rats [TGR (ASrAOGEN)], 
which are characterized by low levels of AII, demonstrate an enhanced barorefl ex 
response compared to nontransgenic controls, and infusion with AII decreases baro-
receptor sensitivity in this model [ 55 ].

   The observation that circulating AII inhibits barorefl ex activity suggests that AII 
gains access to sites within the CNS to exert this effect. However, AII has tradition-
ally been thought not to cross the intact blood–brain barrier, and act by binding to 
and stimulating receptors in circumventricular nuclei, where there is no blood–brain 

  Fig. 4.2    Circulating angiotensin (AII)  can   bind to circumventricular organs (e.g., the area pos-
trema (AP) or subfornical organ ( SFO  )), increasing neuronal activity of sympathoexcitatory nuclei 
or modulating baroreceptor sensitivity. Alternatively, AII stimulation can lead to activation of the 
intraneuronal renin–angiotensin–aldosterone system (RAAS) and subsequent generation of AII 
and related metabolites and/or generation of reactive oxygen species (ROS), both of which may 
alter the neuronal fi ring rate of cardiovascular regulatory nuclei and increase sympathetic nervous 
system activity. AII activation of receptors in the blood vessels (BVs) of the brain stem can also 
alter neuronal activity in the NTS and RVLM through generation of second messengers that cross 
the blood–brain barrier (e.g., NO and superoxide)       
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barrier, or binding to  cerebrovascular receptors   that secondarily transmit a signal to 
the brain [ 56 ]. It is of interest to note that a recent study suggests that blood brain 
barrier may become permeable in AngII hypertension [ 57 ]. The area postrema is 
likely a circumventricular site for such interactions. It is adjacent to the nucleus 
tractus solitarius, which is the location of baroreceptor input to the medulla, and it 
expresses AII receptors [ 48 ]. A number of observations support a role for the area 
postrema in mediating AII-induced inhibition of barorefl exes. Microinjection of 
angiotensin into the area postrema blunts baroreceptor sensitivity, and microinjec-
tion of an angiotensin-converting enzyme (ACE) inhibitor into the area postrema 
blocks this effect [ 58 ]. Ablation of area postrema abolishes AII-induced desensiti-
zation of barorefl ex in rabbits [ 49 ] and eliminates AII-induced hypertension in rats 
[ 59 ]. Furthermore, removal of the area postrema prevents the antihypertensive 
effects of AII receptor blockade on  baroreceptor function   in SHR [ 60 ]. The subfor-
nical organ (SFO) provides another circumventricular site at which peripheral AII 
binds to  CNS receptors   and can alter brain activity. 

 Research into the role of the RAAS in hypertension has long focused on 
peripheral actions of AII (for instance, as an enhancer of norepinephrine release) 
or its central circumventricular-mediated effects. However, over the past 30 years, 
a growing body of research demonstrates that neurons and glial cells within the 
CNS contain all RAAS components, including angiotensinogen, renin, 
angiotensin- converting enzyme, and all angiotensin receptors [ 48 ,  61 ]. This dis-
covery suggested that angiotensin may act as a paracrine neuromodulator or be 
released as a neurotransmitter. AII receptors are distributed in almost all brain 
nuclei involved in cardiovascular regulation [ 61 ], including PVN, parabrachial 
nucleus, RVLM, and the NTS [ 48 ]. 

 These studies have provided detailed localization of an intrinsic renin–angio-
tensin system in the central nervous system, but its role is only beginning to be 
understood. Probably, the most studied region containing an  endogenous renin–
angiotensin system   is the SFO where  circulating angiotensin binds   to neuronal 
receptors leading to alterations in drinking and vasopressin release (from the 
PVN). The  SFO   neurons not only respond to angiotensin II, but also use the pep-
tide to transmit signals to CNS neurons. Using transgenic mice that express 
human renin and/or angiotensin genes or have deleted angiotensin system genes 
in selected areas of the brain [ 62 – 65 ], Sigmund and Davisson demonstrated that 
expression of the human renin (hREN) or human angiotensinogen (hAGT) 
induced hypertension in these mice, and intraventricular administration of an AT 1  
antagonist blunted this response. Furthermore, their studies using conditional 
transgenic mice demonstrate that neurons in the CNS utilize angiotensin as a neu-
rotransmitter that regulates blood pressure and other functions. More recently, 
they modifi ed their double-transgenic strain so that it had a neuronal-specifi c pro-
moter, ensuring expression only in neural tissue [ 65 ]. Compared to nontransgenic 
mice, these mice display higher arterial pressure. The chronic effects of AII may 
be mediated by increased endoplasmic reticulum stress [ 66 ]. It is noteworthy that 
recent studies also suggest SFO neurons respond to other circulating factors 
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including but not limited to leptin and sodium concentrations (e.g., [ 67 ,  68 ]) 
thereby raising the possibility that SFO neurons integrate multiple neurohumoral 
signals to regulate sympathetic outfl ow. 

 One of the major targets of the  SFO   is PVN, which is a major source of afferents 
to RVLM. This PVN to RVLM projection also appears to employ angiotensin II to 
modulate  RVLM   activity [ 69 ]. These results suggest that excitatory synaptic inputs 
from the PVN to the RVLM are mediated, at least in part, by angiotensin receptors 
in the RVLM. Together with studies by Chen et al. [ 70 ] and others, these results 
indicate that angiotensin decreases GABAergic inhibition of PVN neurons, thereby 
increasing their fi ring rate and leading to excitation of RVLM neurons (Fig.  4.2 ).  

       Nitric Oxide and Hypertension 

 Nitric oxide ( NO  ) is a second circulating agent that has been strongly implicated as 
a modulator of  sympathetic nervous system activity   and  blood pressure control  . 
NO, which is produced from the amino acid precursor arginine by nitric oxide syn-
thase (NOS), is a potent vasodilator and thus tends to reduce blood pressure when 
generated in blood vessels, or when its precursor is administered exogenously. 
Impaired NO-mediated vasorelaxation is observed in most animal and human mod-
els of aging and also occurs in age-associated conditions such as hypertension [ 71 ]. 
Chronic inhibition of NOS by  L -NAME induces hypertension associated with an 
increase in peripheral vascular resistance and an enhanced vascular responsiveness 
to adrenergic stimuli [ 72 ]. Furthermore, when a NO donor is coadministered with 
 L -NAME, the hypertension is prevented [ 72 ]. Interestingly,  L -NAME-induced 
hypertension appears to involve both the renin–angiotensin system and  the   sympa-
thetic nervous system [ 72 ]. Treatment of rats with an ACE inhibitor prevents the 
development of hypertension in   L -NAME  -treated rats [ 72 ,  73 ], at least in part, by 
reducing sympathetic nervous system activity [ 72 ,  74 ]. These studies suggest that 
NO may act within the brain to elevate sympathetic nervous system activity. 

 Although  the   mechanisms by which central NO modulates neuronal activity are 
unclear, research suggests that NO may alter neuronal responses to dendritic input 
from innervating neurons and paracrine factors. One region of interest in this 
regard is NTS, which is the relay between baroreceptor input and 
RVLM. Microinjection of glutamate into RVLM simulates a  baroreceptor-medi-
ated signal     , indicating a transient increase in arterial pressure. This normally elicits 
a refl ex decrease in heart rate and renal sympathetic nerve activity that decreases 
arterial pressure [ 13 ]. Miffl in and colleagues have shown that an RVLM microin-
jection of the NOS antagonist  L -NAME prior to the glutamate injection greatly 
reduces the refl ex response of arterial pressure, heart rate, and renal nerve activity 
that are normally elicited by the glutamate injection. These results support the 
hypothesis that within the RVLM, NO facilitates glutamine-mediated feedback 
from  baroreceptors and cardiopulmonary receptors  .  
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     Reactive Oxygen Species   and Hypertension 

 While NO  and   angiotensin play generally opposite roles in the regulation of the 
sympathetic nervous system in hypertension, both can be responsible for the gen-
eration of ROS and thereby elevate arterial pressure. Recent studies have focused 
on angiotensin-induced generation of ROS, including oxygen ions, free radicals, 
and peroxides, all of which are natural by-products of the normal metabolism of 
enzymes such as NADPH-oxidase. As ROS are generated, they are converted by 
intracellular superoxide dismutase (SOD) into hydrogen peroxide. Since hydrogen 
peroxide is itself a potent free radical species, it must be quickly degraded by 
enzymes such as catalase, glutathione peroxidase, and peroxiredoxins. 

 Recent studies indicate that ROS play a role in hypertension, and ROS have been 
demonstrated to contribute to neurogenic hypertension by inducing sympathoexci-
tation.  ROS levels   are elevated in SHR [ 75 ], even prior to the onset of hypertension, 
and vascular, renal, and cardiac ROS production is also increased in this model [ 76 , 
 77 ]. Similarly, stroke-prone SHR (SHR-SP), DOCA, and endothelin-infusion mod-
els also display elevated ROS generation [ 78 ]. Centrally administered tempol (an 
SOD mimetic) decreases arterial pressure in these hypertensive models, and it 
reduces renal sympathetic nerve activity and heart rate [ 79 ].  These   data support a 
role for central ROS generation in hypertension. 

 The  mechanism   by which excess  ROS   alter cardiovascular control is unclear. 
Some effects of ROS clearly occur in the periphery and alter endothelial and renal 
function. However, recent research has shown that ROS in central cardiovascular 
nuclei increase sympathetic activity, resulting in neurogenic hypertension. For 
example, ROS generation is elevated in the  RVLM      of SHR-SP [ 80 ], SHR [ 81 ], and 
one-clip hypertensive rats [ 80 ], and microinjection of tempol reduces sympathetic 
nervous system activity and arterial pressure. Increasing evidence suggests that 
ROS generation is involved in intracellular signaling pathways, including those uti-
lized by AII. Central infusion of AII increases mean arterial pressure and sympa-
thetic nerve activity, and coadministration of tempol abolishes these AII effects 
[ 82 ]. Similarly, AII-induced pressor and drinking responses are accompanied by 
increased superoxide production in the SFO, and SOD overexpression in the SFO 
eliminates these responses [ 83 ,  84 ]. These results suggest that elevated AII can 
increase arterial pressure by increasing ROS generation within SFO neurons, 
thereby increasing activation of hypothalamic centers that control sympathetic ner-
vous system activity.   

     20-HETE   

 While hypertension may be driven by the central mechanisms described above, 
vascular factors also act concomitantly to raise blood pressure. One widely studied 
contributor is the eicosanoid 20-hydroxyeicosatetraenoic acid (20- HETE  ), which is 
a by-product of arachidonic acid metabolism by the enzyme cytochrome P450 
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(CYP). 20-HETE’s vascular actions serve to enhance vasoconstrictive responses to 
both sympathetic input and to  vasoactive hormones   such as angiotensin and phen-
ylephrine [ 85 ]. These actions are mediated by blocking large-conductance calcium- 
activated potassium channels (BK Ca ), leading to the depolarization and contraction 
of vascular smooth muscle. 20-HETE also serves to increase cytosolic calcium lev-
els by opening protein kinase C-gated L-type Ca 2+  channels [ 58 ,  85 ], while enhanc-
ing calcium sensitivity of myosin in vascular smooth muscle [ 85 ]. 

 The vasoactive actions of vascular 20-HETE indicate that it is a prime candidate 
to contribute to hypertension. Indeed,  CYP   is overexpressed in several hypertensive 
models and contributes to the development and maintenance of  high blood pressure   
in these animals. For example, changes in the expression pattern of CYP correspond 
to the development of high blood pressure in SHRs, and the degree of hypertension 
can be attenuated by inhibition of the enzyme [ 86 ]. CYP overexpression is also 
observed in  angiotensin-induced hypertension   [ 87 – 89 ], Lyon rats [ 90 ], Dahl salt- 
sensitive rats [ 91 ], androgen-induced hypertension [ 92 ], and a reduced uterine per-
fusion model of preeclampsia [ 93 ]. Furthermore, nitric oxide appears to inhibit CYP 
activity and  20-HETE formation   [ 94 ], suggesting the possibility that NO-depleted 
hypertension leads to elevated 20-HETE production and contributes to elevated 
blood pressure. CYP overexpression also appears to contribute to age- associated 
increases in blood pressure in normotensive rats. In aged (18-month-old) Sprague 
Dawley rats, blockade of CYP decreases vascular responsiveness to phenylephrine, 
while CYP inhibition has no effect on vasoconstrictor response in young (3-month-
old) rats [ 95 ]. Similar results are observed  in   aged ovariectomized female rats, and 
estrogen replacement does not affect the enhanced vasoconstrictor responses [ 96 ]. 
Taken together, these results indicate that alterations in both CYP expression and 
corresponding 20-HETE levels contribute to multiple forms of hypertension. 

 In addition to 20-HETE’s ability to increase vascular sensitization to exogenous 
stimuli, research suggests a fundamental role for 20-HETE mediating myogenic 
autoregulation of resistance arterioles [ 97 ]. Changes in transmural pressure of arte-
rioles lead to generation of 20-HETE, which serves to refl exly constrict arterioles 
by increasing calcium infl ux via activation of transient receptor potential (TRP) 
channels and by closing BK Ca  channels [ 97 ,  98 ]. This myogenic role of 20-HETE 
has been demonstrated in multiple vasculatures (e.g., mesenteric, renal, cardiac) 
[ 99 – 101 ], and blockade of 20-HETE formation impairs autoregulation of both renal 
and cerebral blood fl ow in vivo [ 102 ]. 

 The second arm of  vascular autoregulation   is based on the metabolic demands of 
the perfused regions. Under this model, increases in cell activity lead to the produc-
tion of vasoactive metabolites, which exert a dilatory infl uence on precapillary arte-
rioles to increase regional blood fl ow, thereby matching fl ow to need. While this 
metabolic process is seemingly simple, the underlying mechanisms are extremely 
complex and remain to be fully resolved. An increasing number of studies indicate 
that astrocytes, glial cells which induce the blood–brain barrier, may respond to 
changes in extracellular metabolites as well as secreted neurotransmitters and 
release vasoactive components to modify vascular tone and blood fl ow [ 103 ,  104 ]. 
The epoxyeicosatrienoic acids (EETs), which are derived from a different family of 
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CYP enzymes, have actions opposing those of 20-HETE. Once generated, EETs 
activate BKCa channels in vascular smooth muscle cells, resulting in hyperpolar-
ization and dilation of the vessels. Thus, EETs have been suggested to serve as 
 endothelium-derived hyperpolarizing factors   [ 105 ]. EETs are also synthesized by 
astrocytes within the central nervous system, and have been suggested to function 
as neurovascular couplers. As such, changes in neuronal activity leads to astrocytic 
EET formation and corresponding vasodilation [ 104 ,  106 ]. The net effect of EET 
formation is to match cerebral blood fl ow to regional metabolic demands. Altered 
levels of EETs have also been implicated in hypertension and vascular function; in 
many hypertensive models, the concentration of EETs is decreased through reduc-
tions in expression combined with enhanced metabolism of EETs by soluble epox-
ide hydrolase related to the level of blood pressure; concentrations are decreased 
(see [ 105 ]). Thus, blood pressure may be controlled at the vascular level by the 
balance of 20-HETE to EET levels. 

 The role of  CYP  -derived  20-HETE   and  EETs   in cerebrovasculature regulation 
 has   been of particular interest in stroke. Similar to other vasculatures, cerebral blood 
fl ow is autoregulated through the balance of two regulatory controls, and under 
normal conditions this maintains constancy in cerebral blood fl ow. However, dis-
eased states, such as  sustained   elevation of blood pressure, can impair cerebral auto-
regulation, while also inducing vascular remodeling and alterations in endothelial 
function [ 85 ,  104 ]. These changes may serve to alter the balance of 20-HETE  and 
  EET production, thereby enhancing the myogenic constriction and decreasing cere-
bral blood fl ow while also increasing the risk of ischemic stroke and cognitive 
decline [ 104 ,  105 ]. Levels of 20-HETE in cerebrospinal fl uid increase hemorrhagic 
stroke in rats, and increased levels of 20-HETE contribute to associated vasospasms 
[ 107 ]. Administration of a 20-HETE inhibitor prevents ischemic-based reductions 
in cardiac [ 108 ] and cerebral blood fl ow [ 109 ], while also reducing the infarct size. 
20-HETE levels are also elevated in the cerebral vasculature of  SHR   [ 110 ] and 
stroke-prone SHR [ 111 ], contributing to oxidative stress, endothelial dysfunction, 
and the enhanced ischemic damage. Clinical studies have demonstrated a similar 
association of CYP-derived metabolites with stroke. Acute ischemia patients  dis-
play   elevated CYP expression, higher 20-HETE concentration, and increased levels 
of arachidonic acid-derived oxidative by-products [ 112 ]. Baseline 20-HETE levels 
were also found to be associated with the lesion size and indices of functionality. 
Similarly, polymorphisms of CYP genes have linked to ischemic stroke in a variety 
of ethnic populations (see [ 113 ]).  

    Summary 

 Based on research in animal models and humans, it is clear that the nervous system 
plays a signifi cant role in the chronic elevation of arterial pressure. Research is 
beginning to identify mechanisms by which sympathetic nervous system activity is 
elevated in these models of hypertension. Increases in  RVLM   neuronal activity in 
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response to an imbalance in excitatory and inhibitory input, diminished barorecep-
tor signaling, and enhanced excitatory input from the caudal pressor region of the 
medulla and PVN all play a role in hypertension. Studies also suggest that the 
RAAS contributes to sympathoexcitation, through both circulating angiotensin and 
endogenous neutrally derived angiotensin. Neuronal activity may also be altered by 
generation of ROS within neurons and/or a reduction in neuronal nitric oxide for-
mation in the brain or periphery. Finally, peripheral actions such as enhanced neu-
roendocrine signaling through elevated 20-HETE production appear to contribute 
signifi cantly to hypertension. Future research will more fully elucidate the contribu-
tion of each of these factors to chronic hypertension and how they synergize with 
other factors to exacerbate stroke.     
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       Cerebral blood fl ow must be tightly regulated to ensure that the metabolic demands 
of the  neurons   are always met [ 1 ]. This exquisite control is facilitated by two physi-
ological mechanisms,  neurovascular coupling and autoregulation  . This chapter will 
discuss these mechanisms and how they are perturbed by hypertension and cerebral 
ischemia. Arterial resistance also contributes to the regulation of cerebral blood 
fl ow. Hypertension causes structural alterations in cerebral arteries that increase 
arterial resistance and the damage caused by cerebral ischemia. The mechanisms 
responsible for this cerebral artery remodeling will also be discussed.  Ischemic 
strokes   are the most common in the population; thus the discussion here will be 
largely limited to this stroke subtype. The cerebral blood vessels control the dura-
tion and depth of the ischemia experienced during a stroke, thus their structure and 
function are important determinants of the magnitude of the fi nal infarct and the 
clinical outcome [ 2 ]. 

    Cerebral Artery Anatomy 

 Prior to discussing the effects on hypertension on cerebral arteries it is worth  pausing 
to describe some basic physiology of the cerebral circulation. The cerebral arteries 
are highly specialized to prevent reductions in blood fl ow to the parenchyma in the 
event of an ischemic insult [ 3 ,  4 ]. The circle of Willis is a ring of connected arteries 
at the base of the brain (Fig.  5.1a ). This structure allows for cross perfusion of the 
cerebral hemispheres, and blood fl ow within the circle of Willis can be reversed to 
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circumvent an ischemic occlusion in a constituent artery. The pial arteries that cover 
the surface of the brain also provide protection from ischemia. A large number of 
anastomoses connect the arteries branching from the posterior and middle cerebral 
arteries and the anterior and middle cerebral arteries [ 5 ]. These connections provide 
collateral blood fl ow in the event that a small surface artery is occluded [ 6 – 8 ]. The 
pial arteries are innervated by the peripheral nervous system [ 9 ], and the  sympathetic 
and parasympathetic nerves help regulate vascular tone by releasing  neurotransmitters 
that cause vasoconstriction (norepinephrine and neuropeptide Y) and vasodilation 
(acetylcholine and nitric oxide), respectively [ 9 – 11 ].

   The penetrating (or parenchymal) arteries and arterioles branch from the  pial 
arteries   and dive into the parenchyma to perfuse the cortex and regulate fl ow to the 
microcirculation (Fig.  5.1b ) [ 12 ]. When they enter the brain the penetrating arteries 
are bathed in  cerebrospinal fl uid   in the Virchow-Robin space. As they dive further 
into the parenchyma, the penetrating arteries and arterioles are surrounded by 
 astrocytic end-feet and neuronal axon endings (Figs.  5.1c  and  5.2 ) [ 9 ]. Unlike the 
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  Fig. 5.1    Cerebral blood supply. ( a ) Depicts the major cerebral arteries including the circle of 
Willis, the middle cerebral artery, and the basilar artery. ( b ) Depicts the blood supply to the deep 
white matter. The penetrating arterioles branch from the pial arteries and dive into the brain paren-
chyma. ( c ) Depicts the structure of the artery/arteriole/capillary wall.  ACA  anterior cerebral artery, 
 ICA  internal carotid artery,  MCA  middle cerebral artery,  PCA  posterior cerebral artery. (From 
Iadecola, C., The pathobiology of vascular dementia. Neuron, 2013.  80 (4): p. 844-66, with 
permission)       
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pial arteries the penetrating arterioles have very few branches, thus occluding one 
 penetrating arteriole causes signifi cant injury to the surrounding cortex [ 13 ]. Flow 
through the penetrating arterioles is partly regulated by intrinsic innervation from 
within the neuropil (Fig.  5.2 ) [ 9 ]. Most of the nerves involved in this regulation 
target the  astrocytes   surrounding the artery and not the artery itself, thus the astro-
cytes relay signals from active neurons to arterioles to increase perfusion in times of 
high metabolic demand [ 14 ,  15 ].

   A dense network of cerebral capillaries arises from the penetrating arterioles 
[ 16 ], and there is signifi cant redundancy in this system to provide protection from 
cerebral ischemia [ 17 ]. The capillaries are surrounded by pericytes which have clas-
sically been thought to constrict and relax to regulate perfusion [ 18 ]. However, more 
recent studies show that pericytes do not contain the contractile protein alpha 
smooth muscle actin, and they do not regulate blood fl ow in response to neuronal 
stimulation or spreading depression [ 19 ]. However, the high pericyte density 

  Fig. 5.2    Illustration of the cerebral arteries and the neurovascular unit. The diagram shows the 
 pial arteries   on the surface of the brain including the extrinsic innervation. The penetrating arteri-
oles are also depicted; these arterioles contain endothelial cells and one layer of vascular smooth 
muscle cells. The penetrating arterioles are surrounded by astrocytes, neurons, and pericytes (not 
illustrated here) and they receive intrinsic innervation from within the neuropil. The capillaries 
consist of a layer of endothelial cells sounded by pericytes, neurons, and astrocytes. (Adapted from 
Filosa, J.A., et al., Beyond neurovascular coupling, role of astrocytes in the regulation of vascular 
tone. Neuroscience, 2015., doi:  10.1016/j.neuroscience.2015.03.064    , with permission)       
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observed in the cerebral vasculature compared to other organs suggests these cells 
play an important physiological role in the brain [ 20 ,  21 ]. The pericytes are part of 
the neurovascular unit, which also contains vascular smooth muscle cells, endothe-
lial cells, astrocytes, and neurons (Fig.  5.2 ). The pericytes may act as a conduit for 
relaying information between the neural and vascular compartment in the brain 
[ 19 ]. Stroke causes a breakdown in communication between the cells in the neuro-
vascular unit [ 22 ] that dysregulates cerebral blood fl ow control and  blood brain 
barrier (BBB)   function [ 23 ,  24 ].  

    Neurovascular Coupling 

 Neurovascular coupling links the metabolic demands of the neurons to cerebral 
perfusion [ 13 ]. This requires rapid integrated signaling between neurons, inter-
neurons, perivascular nerves, glia, and the cells in the vasculature [ 25 ,  26 ]. Active 
neurons [ 27 ], interneurons, and astrocytes [ 28 ] release vasodilators that cause 
localized dilation, or functional hyperemia, in penetrating arterioles and  pial 
arteries   supplying them [ 13 ]. Neurovascular coupling requires the activity of the 
three key vasodilator pathways: nitric oxide (NO) [ 29 ,  30 ], cyclooxygenase 
(COX)-2 metabolites [ 31 ], and  epoxyeicosatrienoic acids   (EETs) [ 32 ]. For a 
detailed description of the signaling mechanisms involved in neurovascular cou-
pling please see [ 25 ]. 

    Effects of Hypertension on Neurovascular Coupling 

 Studies of the effects of hypertension on neurovascular coupling in humans are 
limited. One study showed that increases in regional perfusion in response to a 
memory test were impaired in patients with untreated hypertension [ 33 ]. It 
should be noted that the patients in this study were only mildly hypertensive 
(systolic/diastolic 144.2/84.4 mmHg). It is possible that patients with more 
malignant hypertension will exhibit more marked impairments in neurovascular 
coupling. 

 In laboratory studies utilizing rodents, neurovascular coupling is assessed by 
measuring increased perfusion or vasodilation in response to a sensory stimulus 
such as whisker stimulation. Several of these studies have utilized the  angiotensin   
II model of hypertension. Both chronic and acute angiotensin II administration 
reduces the blood fl ow response to whisker stimulation in mice [ 34 ]. Interestingly, 
in the chronic studies impaired neurovascular coupling preceded development of 
hypertension [ 35 ]. This suggests angiotensin II may have direct effects on the cere-
bral vasculature that are unrelated to the increase in blood pressure it mediates. The 
argument for direct vascular effects of angiotensin II is strengthened by studies 
showing that the application of angiotensin II directly to the cerebral cortex impairs 
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the  blood fl ow response   to whisker stimulation without altering blood pressure [ 35 ]. 
Subsequent studies suggest that this direct effect of angiotensin II occurs via 
 activation of the type 1 angiotensin receptor and requires reactive oxygen species 
generation [ 36 ]. 

 The fi nding of a direct vascular effect of angiotensin II on neurovascular cou-
pling makes it diffi cult to determine how much of the suppressed neurovascular 
coupling observed in angiotensin II treated mice is due to the elevation in blood 
pressure per se. Studies using genetically hypertensive rats such as the spontane-
ously hypertensive rat (SHR) could help solve this problem, but there are surpris-
ingly few studies of neurovascular coupling using this type of model. The only 
available study suggests that neurovascular coupling is impaired in SHR. Normalizing 
the blood pressure with losartan, an angiotensin receptor blocker (ARB), had no 
benefi cial effect on neurovascular coupling, suggesting that the impaired neurovas-
cular coupling observed in SHR is not angiotensin II dependent [ 37 ]. It also sug-
gests that the impaired neurovascular coupling is not  blood pressure   dependent. 
This study is clearly at odds with the previously described studies in mice with 
angiotensin II dependent hypertension. The rats treated with losartan were quite old 
(30 weeks) and these rats would have been hypertensive for at least two-thirds of 
their life. Therefore, it is possible that the drug was ineffective because the vascular 
injury mediated by the prolonged hypertension could not be reversed.  

    The Effects of Stroke on Neurovascular Coupling 

 Studies of neurovascular coupling in humans post-stroke have yielded variable 
results. Positron emission tomography (PET) scanning has been used to measure 
the  blood fl ow response   to bilateral motor activation in patients with unilateral 
internal carotid artery or middle cerebral artery (MCA) steno-occlusive lesions. 
Functional hyperemia was intact in both somatosensory cortices where the neuronal 
activation was occurring. This suggests that in these patients neurovascular cou-
pling is intact. Interestingly, administration of a potent cerebral artery dilator, acet-
azolamide, did not increase blood fl ow in the ipsilateral somatosensory cortex. 
Acetazolamide is used to measure cerebrovascular reserve capacity, or the maximal 
possible perfusion in the brain. This study suggests that ischemia reduces cerebro-
vascular reserve capacity without impairing neurovascular coupling, thus the dilator 
mechanisms employed by neurovascular coupling appear to be able to overcome 
the hemodynamic impairments in the brain post-ischemia. In these studies the PET 
scans were conducted at least 2 months after the ischemic insult, therefore they do 
not provide information about blood fl ow control in the acute and subacute time 
points post-stroke. It should be noted that in these studies the neurological dysfunc-
tion was mild. Although all of the patients had a confi rmed occlusion only 60 % of 
them had an abnormal neurological exam [ 38 ]. 

 Other studies using PET scanning and visual stimulation have been conducted in 
patients with internal carotid artery steno-occlusive disease. Visual stimulation of 
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both eyes caused an increase in perfusion to both visual cortices in all patients. 
Perfusion of the regions around the visual cortex was highly variable. Most patients 
exhibited reduced blood fl ow in the damaged hemisphere when compared to the 
contralateral hemisphere. The reduced blood fl ow in the regions surrounding the 
visual cortex may be the result of a redistribution of  blood fl ow   in the brain, i.e., the 
increase in blood fl ow to the visual cortex may steal blood from the surrounding 
areas [ 39 ]. 

 There are many potential variables in human studies that make the interpretation 
of the results diffi cult. For this reason animal studies can provide valuable informa-
tion. One of the benefi ts of rodent studies is that the acute effects of stroke can be 
easily studied in a controlled manner. Laboratory studies show that neurovascular 
coupling is impaired after both global and focal cerebral ischemia. Impaired neuro-
vascular coupling was observed in Wistar rats 5 days after the induction of focal 
cerebral ischemia. The impaired neurovascular response was observed in a location 
remote to the infarct itself but within the same hemisphere. It is of note that in this 
particular study overall brain function may have been depressed post-stroke because 
glucose utilization was also reduced [ 40 ]; this would reduce the need for enhanced 
regional blood fl ow giving the appearance of impaired neurovascular coupling. 
However, later studies where brain function was normal also suggest that neurovas-
cular coupling is impaired acutely after a short period of transient focal ischemia 
induced by MCA occlusion [ 41 ]. Studies of global ischemia induced by occluding 
the vertebral and carotid arteries also suggest that neurovascular coupling is 
impaired by ischemia. Three hours after the ischemic insult a marked reduction in 
cerebral perfusion in response to  neural stimulation   was detected, and this occurred 
without a signifi cant change in neural activity. This study clearly suggests that in 
the aftermath of ischemia the communication between the active neurons and the 
vasculature to stimulate hyperemia is impaired [ 42 ]. This basic fi nding was con-
fi rmed by Baker et al. [ 43 ] who also showed that the magnitude of the ischemic 
insult was important. As one might expect, more severe ischemic insults produce 
larger impairments in neurovascular coupling [ 43 ,  44 ]. These studies were con-
ducted in normotensive rats; it is not clear how hypertension affects the neurovas-
cular response to stroke. It is possible that the impairments in neurovascular 
coupling observed post-stroke will be of a greater magnitude in hypertensive 
populations.   

    Cerebral Artery Autoregulation 

 Before discussing the effects of hypertension and stroke on cerebral autoregula-
tion it is important that we defi ne two key terms:  myogenic tone and myogenic 
reactivity  . Myogenic tone is an intrinsic property of arteries and arterioles to 
maintain an active contractile force in the smooth muscle cells of the  vascular 
wall  . Myogenic tone is regulated by several factors including the intraluminal 
pressure, the resting potassium conductance, calcium channel activity, and the 
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sensitivity of the contractile signaling pathways to calcium. The generation of 
tone is initiated purely by the vascular smooth muscle cells, but the endothelium 
can regulate myogenic tone [ 45 ,  46 ] through the production of NO [ 47 ], prostacy-
clin [ 48 ], and endothelium derived hyperpolarizing factor (EDHF) [ 49 ]. The term 
myogenic reactivity describes a more active process; myogenic reactivity is the 
ability of the artery to change tone in response to fl uctuations in  intralumenal 
pressure   while keeping blood fl ow constant. These myogenic mechanisms are 
responsible for much of the basal vascular tone that regulates cerebrovascular 
resistance [ 50 ]. 

 Cerebral artery autoregulation, or the Bayliss effect, contributes to the brain’s 
ability to maintain a constant blood fl ow while the perfusion pressure is fl uctuating 
(Fig.  5.3 ). In most adults, cerebral arteries autoregulate over a range of mean arterial 
pressures from approximately 60 to 150 mmHg [ 51 ]. When blood pressure increases 
within the autoregulatory range cerebral arteries constrict and when pressure falls 
the arteries dilate. This pattern of constriction and dilation allows for the mainte-
nance of constant cerebral blood fl ow [ 52 ,  53 ]. At high perfusion pressures the 
contribution of myogenic reactivity to cerebral autoregulation is particularly impor-
tant because arteries must constrict to prevent an increase in blood fl ow [ 52 ]. 
At pressures above and below the limits of autoregulation blood fl ow is directly 
proportional to the intraluminal pressure. Breaching the upper limit of autoregula-
tion causes increased  perfusion and vasogenic edema  . When the intralumenal 
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  Fig. 5.3    Cerebral autoregulation. The lower and upper limits of autoregulation are indicated by 
the  dotted vertical lines . The  solid line  depicts normal cerebral blood fl ow, the  dashed  and  dotted 
lines  depict two of the proposed effects of hypertension on the  autoregulatory response  . The  red 
circles  at the  top  of the fi gure provide an indication of the effects of intraluminal pressure on the 
lumen diameter of the cerebral arteries. The  Text boxes  describe the effects of intralumenal pres-
sures that rise above or fall below the limits of autoregulation       
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 pressure in an artery falls below the lower limit of autoregulation, hypoperfusion 
and ischemic injury ensue [ 6 ]. Several factors have been associated with the control 
of cerebral autoregulation, these include neuronal NO production [ 51 ,  54 – 56 ], 
blood fl ow itself [ 57 ], sympathetic nervous system mediated vasoconstriction [ 58 ], 
and cholinergic vasodilation [ 59 ].

      Effect of Hypertension on Myogenic Tone Generation 
and Autoregulation 

 Studies of the effects of hypertension on autoregulation and myogenic reactivity in 
rodent models of hypertension have yielded differing results. Some studies suggest 
that arteries from SHR autoregulate over a higher range of pressures than arteries 
from normotensive Wistar Kyoto (WKY) rats (65–190 vs. 40–150 mmHg) [ 60 ,  61 ]. 
Other studies suggest the autoregulatory range is the same between SHR and WKY 
rats but myogenic tone generation is affected by hypertension such that for a given 
arterial pressure arteries from SHR are relatively more constricted than those from 
WKY rats [ 62 ]. Sex differences in the control of autoregulation have also been 
reported. The myogenic response in middle cerebral arteries from male stroke prone 
spontaneously hypertensive rats (SHRSP) are similar to those from WKY rats, but 
the middle  cerebral arteries   from female SHRSPs exhibit more myogenic constric-
tion than arteries from female WKY rats [ 63 ]. SHRSPs are a widely used model of 
human essential hypertension and their cerebral vasculature has been extensively 
studied [ 64 ,  65 ]. 

 Recent studies focusing on the penetrating arterioles show that their myogenic 
tone is signifi cantly higher in SHRSP than in WKY rats. This increased tone was 
reduced by administration of antihypertensive therapy (hydralazine, hydrochloro-
thiazide, and reserpine) beginning after the development of hypertension. The 
increased tone observed in the SHRSP was largely dependent on the activity of the 
L-type voltage gated calcium channel [ 66 ]. 

 Too much myogenic tone in the large cerebral arteries could impede cerebral 
blood fl ow, but a complete loss of tone is also detrimental. Loss of myogenic tone 
in the larger arteries puts the small arterioles and capillaries at risk of rupture if 
blood pressure increases. SHRSPs exhibit a complete loss of myogenic tone when 
fed a high salt or  stroke prone diet   [ 67 ]. SHRSP fed this diet from weaning develop 
hemorrhagic strokes within 10 weeks, at this time the cerebral arteries have lost the 
ability to generate tone and cerebral perfusion is largely regulated by  blood pressure   
[ 68 ]. This loss of tone generation may be a consequence of the malignant hyperten-
sion that is observed in salt-loaded SHRSP [ 69 ,  70 ]. At present it is not clear if 
humans with uncontrolled malignant hypertension also exhibit impaired myogenic 
tone generation. 

 Aging infl uences myogenic mechanisms and their response to hypertension. 
Studies comparing young (3-month-old) or old (24-month-old) angiotensin II treated 
mice suggest that myogenic reactivity is lost when hypertension is superimposed on 

A.M. Dorrance



89

a background of aging. This loss of the contractile response to increased  intraluminal 
pressure   was associated with reduced production of the vasoconstrictor 20-hydroxye-
icosatetraenoic acid (20-HETE) [ 71 ] and a reduced sensitivity of the smooth muscle 
cells to 20-HETE [ 72 ]. The activity of the transient receptor potential (TRP) channel 
canonical 6 (TRPC6) was also reduced in the old hypertensive mice [ 71 ]. TRPC6 has 
been proposed to be a mechanosensor in cerebral arteries responsible for linking 
pressure and stretch to constriction [ 73 ]. 

 Although the studies directly measuring the effects of hypertension on tone and 
reactivity are confl icting, the biochemical pathways that regulate tone certainly sug-
gest that tone should be increased by hypertension. For example, endothelial NO 
synthase (eNOS) expression is reduced in cerebral microvessels from hypertensive 
rats [ 74 ]; this would reduce dilation and increase tone generation. Increased super-
oxide production could also impair NO-mediated dilation in arteries from hyperten-
sive subjects because superoxide reacts with NO to reduce its bioavailability [ 75 , 
 76 ]. EDHF is also an important determinant of cerebrovascular tone and reactivity 
[ 77 ]. EDHF mediated dilation requires the activation of calcium-activated K +  chan-
nels, the small- and intermediate-conductance Ca 2+ -activated K +  channels (SK Ca  and 
IK Ca , respectively) [ 78 ,  79 ]. IK Ca  knockout mice are hypertensive and they exhibit 
impaired endothelium dependent dilation and this could increase tone generation 
[ 80 ]. TRP channels also regulate endothelial function in  cerebral arteries   [ 81 ,  82 ]. 
Activation of TRPC3 causes vasoconstriction [ 83 ]. TRPC3 expression is increased 
in carotid and mesenteric arteries from SHR compared to normotensive rats and this 
is linked to augmented contractility [ 84 ]. Unfortunately TRPC3 expression has not 
been studied in  cerebral arteries  . EETs cause cerebral artery dilation by activating 
TRPV4 [ 85 ,  86 ]. 11,12-EET production is reduced in cerebral arteries from SHR 
[ 87 ], and this could increase vascular tone. EETs are inactivated by soluble epoxide 
hydrolase (sEH) [ 88 ,  89 ], and sEH inhibitors are used experimentally to increase 
EETs levels. sEH inhibition does not  lower blood pressure   in SHRSP, but it does 
reduce the damage caused by cerebral ischemia through a combination of vascular 
and neuroprotective effects [ 88 ,  89 ]. Additional studies are required to elucidate if 
any of these pathways are important for the regulation of tone in the hypertensive 
population.  

    Effect of Stroke on Myogenic Tone Generation 
and Autoregulation 

 The effects of cerebral ischemia on cerebral artery autoregulation have been well stud-
ied using animal models of focal  ischemic stroke   [ 90 ]. It is generally accepted that 
 cerebral artery   function is impaired by cerebral ischemia and that this can increase the 
initial ischemic injury and contribute to secondary injuries including edema and  hem-
orrhagic transformation   [ 90 ]. Cerebral arteries dilate, or lose tone, in response to an 
ischemic insult; this is partly the result of a build-up of vasoactive metabolites includ-
ing lactic acid and carbon dioxide in the parenchyma [ 2 ]. Myogenic dilation is also 
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important for post-stroke dilation. When any artery is occluded the perfusion pressure 
in the downstream arteries is reduced and this causes myogenic dilation. In general the 
vascular response to ischemia/reperfusion injury is  hyperemia   [ 91 – 94 ]; this occurs in 
almost 50 % of stroke patients within 3 days of the initial insult [ 94 ,  95 ]. This post-
stroke hyperemia increases the damage caused by the initial insult because it causes 
BBB breakdown and edema formation [ 95 ,  96 ]. 

 In animal studies hyperemia increases the size of the ischemic infarct and this 
leads to a worsening of the neurodefi cits observed after the stroke [ 97 ,  98 ]. During 
reactive hyperemia the arteries are essentially maximally dilated; in this situation 
the lumen diameter of the arteries is a critical determinant of cerebral perfusion. The 
effects of hypertension on the lumen diameter of the cerebral arteries will be dis-
cussed further later in this chapter. It is important to note that artery dilation does 
not occur if the  intraluminal pressure   falls below the lower limit of autoregulation. 
In this situation the blood fl ow will be proportional to the intralumenal pressure and 
in some cases the arteries will collapse, exacerbating the ischemic injury. The 
hyperemic response to ischemia is impaired in SHRSP. In normotensive rats the 
anastomoses between the  pial arteries   dilate quickly in response to an ischemic 
insult; this dilator mechanism is impaired in SHRSP [ 99 ]. The inability to increase 
perfusion to the ischemic zone through the pial arteries increases the ischemic 
injury observed in the event of a stroke in SHRSP [ 100 ]. 

 Impaired myogenic tone generation and myogenic reactivity also contribute to 
the hyperemia observed post-stroke. After 2 h of ischemia followed by 1 min of 
reperfusion myogenic tone is normal in the MCA, but after prolonged reperfusion 
(24 h) myogenic tone and reactivity are signifi cantly impaired [ 101 ]. Shorter dura-
tions of ischemia have similar effects on tone measured between 6 and 24 h after the 
initial ischemic insult [ 102 ,  103 ]. The MCA on the contralateral side of the brain is 
also impaired by cerebral ischemia/reperfusion, suggesting that a circulating factor 
released post-stroke may have detrimental effects on the ability of the cerebral 
arteries as a whole to autoregulate [ 103 ]. This circulating factor does not appear to 
be a reactive oxygen species as potent antioxidants do not reverse the effects of 
ischemia/reperfusion injury on myogenic tone generation [ 98 ,  104 ]. Others have 
reported similar effects of stroke on the contralateral hemisphere. In one study the 
impaired myogenic tone was associated with increased artery stiffness 1 h and 
15 min after the initial ischemic insult. The authors linked this to an increase in 
protein nitration associated with post-reperfusion oxidative stress [ 105 ]. This result 
is diffi cult to reconcile with the fi nding that preventing oxidative  stress   had no effect 
on the reduction in myogenic tone generation post-stroke. 

 There is a general consensus that ischemia followed by reperfusion causes a 
reduction in myogenic tone generation in normotensive rats. The same cannot be 
said for hypertensive rats where 2 h of ischemia followed by 22 h of reperfusion had 
no effect on the active lumen diameter of the MCA that was occluded and no effect 
on the generation of myogenic tone [ 106 ]. This is in keeping with the studies show-
ing that post-stroke hyperemia does not occur in SHRSP. 

 The mechanisms responsible for the loss of myogenic tone and the impaired 
myogenic reactivity post-stroke in normotensive rats have not been completely 
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 elucidated, but it seems that the loss of fi lamentous actin in the vascular smooth 
muscle cells is an important step in the process [ 102 ]. It is also likely that the build-
up of vasoactive metabolites that occurs post-stroke could decrease myogenic tone. 
This cannot be the only explanation for the reduced tone post-stroke because 
reduced tone can also be observed in organ bath studies where the vasoactive 
metabolites are not present. The loss of myogenic tone post-stroke may also be a 
consequence of an increased release of dilator agents post-stroke. After ischemia/
reperfusion injury the response of the MCA to agonists that cause NO mediated 
dilation is impaired, but the response to agonists that produce EDHF mediated dila-
tion is enhanced by ischemia/reperfusion injury [ 107 ]. 

 The studies described above were conducted in middle  cerebral arteries  , and the 
penetrating arterioles respond to ischemia with reperfusion injury differently. In 
general tone is higher in the penetrating arterioles than it is in the MCA, and isch-
emia with reperfusion does not reduce tone generation in the penetrating arteries 
[ 108 ,  109 ]. Their high basal tone [ 110 ,  111 ] and lack of braches makes the penetrat-
ing arterioles a bottleneck in the perfusion of the cortex and microcirculation [ 12 , 
 17 ,  112 ,  113 ]. The absence of a dilator response to ischemia could protect the small 
downstream vessels from damage in the event of fl uctuations in fl ow and pressure, 
but it could also be detrimental because it could limit perfusion of the microcircula-
tion when reperfusion occurs. 

 Recent studies have attempted to understand the mechanism responsible for the 
maintenance of tone in the penetrating arterioles post-stroke. This study suggests 
that the balance on vasoconstriction and dilation is important, and that both are 
altered in the penetrating arterioles with reperfusion. Like the middle cerebral arter-
ies [ 114 ,  115 ] endothelium derived hyperpolarization mediated dilation is increased 
in penetrating arterioles post-stroke [ 116 ]. Conversely, endothelin-1 mediated con-
striction was enhanced and this constriction counteracts the enhanced dilation to 
maintain tone at the pre-stroke level. This enhanced endothelin-1 mediated con-
striction occurs through activation of the endothelin B receptor and this was depen-
dent on peroxynitrite production [ 116 ]. 

 In humans reperfusion or recanalization can be spontaneous or it can be induced 
mechanically or chemically. Chemical induction of reperfusion requires the admin-
istration of recombinant tissue plasminogen activator (rTPA), and rTPA has detri-
mental effects of the cerebral arteries. In middle cerebral arteries that underwent 
ischemia followed by reperfusion, rTPA caused a signifi cant reduction in myogenic 
tone generation and myogenic reactivity. Ischemia and rTPA independently reduced 
endothelium dependent dilation, and the effects of ischemia and rTPA were addi-
tive. Interestingly, ischemia and rTPA also caused an impairment in the contractile 
response of the arteries to  serotonin  , which could enhance cerebral perfusion and 
potentially cause hyperemia. 

 A handful of studies have accessed cerebral autoregulation in humans post- 
stroke. These relied on the analysis of cerebral blood fl ow in conjunction with  blood 
pressure   lowering to assess the autoregulatory capacity of the cerebral arteries. One 
study by Powers et al. assessed global cerebral blood fl ow and peri-clot fl ow after 
intracerebral hemorrhage. Blood fl ow was similar in both regions before and after 
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the administration of nicardipine or labetalol to reduce blood pressure. This sug-
gests that during the fi rst 24 h after a cerebral hemorrhage autoregulation is intact 
[ 117 ]. Similar protocols have been utilized to study the effect of focal ischemia on 
autoregulation. Seven of the nine individuals studied had intact cerebral autoregula-
tion in the infracted region, the peri-infract region, and the contralateral hemisphere. 
In two individuals blood fl ow was reduced in response to blood pressure lowering, 
but this was observed in all the regions studied and was deemed to be an effect of 
chronic hypertension in the affected patients [ 118 ].   

    Cerebral Artery Structure 

 In the absence of a stroke cerebral blood fl ow is infl uenced by cerebrovascular resis-
tance, which is elevated in hypertension as a result of artery rarefaction and remod-
eling. Both of these pathological conditions have the potential to impact the outcome 
of stroke by impairing blood fl ow to the ischemic region when the vasculature is 
maximally dilated. 

     Artery Rarefaction   

 Cerebral artery rarefaction has been widely studied in rodent models of hyperten-
sion. Hypertension reduces the number of intracerebral capillaries [ 119 ,  120 ]. In 
SHR the reduction in capillary number is blood pressure dependent; rarefaction is 
present in adult SHR that have hypertension, but rarefaction was not observed in 
young SHR with developing hypertension [ 121 ]. Beyond its potential detrimental 
effects on stroke outcome this reduction in capillary number could reduce perfusion 
and increase the risk of developing vascular dementia. 

 The effects of hypertension on the pial arteries are more controversial. Elegant 
studies have shown that the number of collateral arteries between the middle cere-
bral and anterior cerebral arteries is similar in SHRSP, SHR, and normotensive rats, 
suggesting the pial artery rarefaction does not occur in these models of essential 
hypertension [ 122 ,  123 ]. The picture is less clear in models of secondary hyperten-
sion where pial artery rarefaction was reported in one study [ 119 ] but not in another 
[ 124 ]. Notably, these studies were conducted in relatively young rats; aging itself 
causes rarefaction and we do not know how hypertension and aging interact. 

 There are surprisingly few studies of artery rarefaction in hypertensive patients. 
Hypertension causes skin artery rarefaction [ 125 – 127 ], and this may be predictive 
of stroke outcome. A signifi cant association between skin artery rarefaction and 
impaired cerebrovascular reserve capacity has been observed [ 128 ]. Together these 
studies suggest that the cerebrovascular reserve capacity will be reduced in hyper-
tensive patients, and could have detrimental effects on the outcome of cerebral 
ischemia.  
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    Cerebral Artery Remodeling 

 Artery remodeling refers to a situation where artery structure differs between two 
groups of test subjects. Remodeling is described as inward when the lumen diame-
ter is reduced and outward when the lumen diameter is increased (Fig.  5.4 ). 
Remodeling can also affect the artery wall; wall area is increased during hypertro-
phic remodeling and reduced during  hypotrophic remodeling   [ 129 ]. Hypertensive 
cerebral artery remodeling has been described in several recent reviews 
[ 130 – 134 ].

   In 1973 Folkow fi rst hypothesized that artery remodeling increases cerebrovas-
cular resistance in hypertensive rats [ 135 ]. Artery remodeling is generally described 
as a detrimental process, but it begins as an adaptive process that protects the cere-
bral microvessels from the elevated blood pressure and prevents microhemor-
rhages, vasogenic edema, and BBB breakdown [ 13 ,  136 – 138 ]. This protective 
remodeling process becomes maladaptive when hypertension is sustained and 
cerebral artery function is impaired. Initially remodeling normalizes fl ow by 
increasing vascular resistance [ 33 ,  139 ]. However, as hypertensive subjects age the 
remodeling process becomes deleterious; older hypertensive patients have reduced 
blood fl ow in the occipitotemporal and prefrontal cortex, and the hippocampus 

  Fig. 5.4    Hypertensive artery remodeling. The fi gure depicts most commonly observed effects of 
hypertension on cerebral artery structure, a normotensive artery is shown on the  left , and hyperten-
sive artery undergoing hypertrophic inward remodeling is shown on the  right . The  text boxes  
describe some of the clinically relevant mechanisms to prevent or reverse cerebral artery 
remodeling       
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[ 140 ]. Also, as patients with poorly controlled blood pressure age, they exhibit 
lower total cerebral blood fl ow compared to age matched normotensive controls. 
This hypoperfusion occurs independently of atherosclerosis [ 141 ], and is likely the 
result of artery remodeling and impaired control of constriction and dilation. Aging 
is a risk factor for cerebrovascular disease independent of hypertension, but 
approximately 70 % of the elderly population is hypertensive [ 142 ], which makes 
separating these two risk factors diffi cult. Aging itself causes artery remodeling 
and this has been linked to the development of dementia [ 143 ,  144 ]. 

 One of the most commonly used metrics of artery remodeling is the wall-to- 
lumen ratio, and elevations in this predict end-organ damage [ 145 ] and stroke risk 
[ 146 ]. In hypertension this frequently observed remodeling pattern is associated 
with an increase in artery wall thickness and reduction in the  lumen diameter   [ 131 , 
 147 ]. This type of remodeling has been observed in the middle cerebral arteries 
[ 148 ,  149 ] and pial arteries [ 150 ] from SHR and SHRSP compared to normotensive 
WKY rats. It has also been observed in several models of secondary hypertension 
[ 151 – 155 ]. 

 As one might expect, aging has signifi cant effects on artery structure in 
SHRSP. Young SHRSP (6 weeks) already have marked hypertension but blood 
pressure in this strain continues to increase for several more weeks and begins to 
plateau at 12 weeks of age [ 156 ].  Pial artery   structure changes during the time that 
 blood pressure   is increased and not changing. Pial arteries from 3-month-old 
SHRSP are normal when compared to WKY rats, but with aging an inward remod-
eling is observed such that the lumen diameter is reduced [ 150 ,  157 ]. It seems that 
early structural changes in the larger cerebral arteries, like the MCA, may protect 
the pial arteries in the young SHRSP. The middle cerebral arteries from young 
SHRSP exhibit marked remodeling including a smaller lumen and an increased 
wall-to-lumen ratio when compared to WKY rats [ 148 ,  149 ,  158 ]. Thus it is likely 
that the different segments of the cerebrovascular tree respond to hypertension in a 
temporally distinct manner; remodeling begins in the larger arteries and progresses 
to the small arteries with sustained hypertension. This is in keeping with studies 
showing that vascular resistance increases in the small arteries during sustained 
hypertension [ 159 ]. 

 It is not clear if the penetrating arteries follow the same temporal pattern of 
remodeling. 18-week-old SHRSP have marked and sustained hypertension and the 
penetrating arteries from these rats exhibit a marked remodeling that includes a 
reduction in the lumen diameter, an increase in the wall thickness and in the wall- 
to- lumen ratio [ 66 ]. Penetrating arterioles from 18-week-old female SHR also 
exhibit inward remodeling when compared to arterioles from WKY rats [ 160 ]. 

 The cerebral artery remodeling observed in SHRSP is associated with changes in 
the orientation of the smooth muscle cells in the artery wall. Normally smooth mus-
cle cells in the artery wall are arranged such that the long axis of the cell is perpen-
dicular to the direction of fl ow. This organization is lost in several regions of the 
basilar artery wall in SHSRP [ 161 ,  162 ]. The regions of vascular smooth muscle 
cell disorganization are associated with a thinner adventitia, thus these areas might 
be weak spots in the artery that could cause hemorrhages [ 161 ]. 
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 The mechanisms responsible for cerebral artery remodeling are still being inves-
tigated. The  hemodynamic effects   of hypertension are a large stimulus for remodel-
ing, but circulating factors associated with the development and maintenance of 
hypertension also contribute to the process. In the following paragraphs several 
potential mechanisms for artery remodeling will be described. A focus has been 
placed on mechanisms where interventional drugs already exist, although not all of 
these drugs are antihypertensive therapies.  

    The Renin-Angiotensin-Aldosterone-System 

 Drugs that interrupt the renin-angiotensin-aldosterone-system (RAAS) are widely 
used clinically and therefore have been the focus of many studies of artery structure 
in hypertension. Studies comparing the effectiveness of angiotensin converting 
enzyme (ACE) inhibitors, ARBs, and β-blockers led to the discovery that blood 
pressure lowering alone is not suffi cient to prevent the effects of hypertension on 
the  pial arteries  . All the drugs lowered blood pressure but only the  drugs   that inhib-
ited the effects of the RAAS also prevented the hypertension induced pial [ 163 – 166 ] 
and MCA remodeling [ 74 ,  167 ] in SHR or SHRSP. The lack of an effect of 
β-blockers is surprising given that these drugs reduce plasma renin activity and 
 angiotensin   II levels [ 168 ]. Not surprisingly these studies found that cerebral perfu-
sion increased when the lumen diameter of the cerebral arteries was increased [ 166 , 
 169 ,  170 ]. Interestingly a recent study has shown that artery remodeling in penetrat-
ing arteries from SHRSP can be improved with antihypertensive treatments that do 
not directly interfere with the RAAS [ 66 ]. 

 Interrupting the RAAS appears to correct the hypertension associated artery 
remodeling fairly rapidly in adult hypertensive rats. Ten days of telmisartan treat-
ment reduced the blood pressure and increased the pial artery lumen diameter in 
SHR compared to WKY rats. The authors of this study propose that the benefi cial 
effects of telmisartan occur through a peroxisome proliferator-activated receptor γ 
(PPARγ) dependent mechanism. Candesartan also lowered blood pressure in this 
study but had no effect on artery structure [ 171 ]. The effects of direct PPARγ acti-
vation on artery remodeling will be described in more detail later. Telmisartan had 
no effect on the structure of the middle  cerebral arteries   [ 172 ] in rats undergoing the 
same treatment regime. This differential effect of ARBs on the middle cerebral and 
pial arteries is interesting, but at present unexplained. 

 A role of angiotensin II in artery remodeling is supported by studies using angio-
tensinogen knockout mice that do not produce angiotensin II. This study focused on 
the collateral arteries connecting the anterior and middle cerebral arteries. The 
lumen diameter of these arteries was increased in the angiotensinogen knockout 
compared to wild-type mice, but the number of anastomoses was similar between 
the strains. The angiotensinogen knockout mice also had lower blood pressure and 
that may have affected artery structure [ 173 ]. 
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 The timing of the treatments in laboratory studies is an area of concern, in many 
studies the drug treatments were administered while the hypertension was develop-
ing. With this treatment paradigm, effective drugs are preventing, not reversing 
artery remodeling. Clinically, it is more important to identify treatments to improve 
artery structure and function after the hypertension and artery remodeling has 
developed. ACE inhibitors have been found to do this effectively in SHR that were 
1-year-old when the treatment began [ 170 ]. 

 Aldosterone, the last signaling molecule produced by the RAAS, activates the 
 mineralocorticoid receptor   and its effects on cerebral arteries can be inhibited with 
mineralocorticoid receptor antagonists. Spironolactone treatment of SHRSP both 
prevents [ 149 ] and reverses [ 174 ] MCA remodeling. Spironolactone also reduces 
the damage caused by  cerebral ischemia   [ 175 ]. Interestingly, spironolactone did not 
lower the blood pressure in either study, thus the effects of mineralocorticoid recep-
tor antagonism is this strain are blood pressure independent. Similarly recent stud-
ies have shown that mineralocorticoid receptor antagonists improve the structure of 
the penetrating arterioles in rats with established hypertension. Eplerenone increased 
penetrating artery lumen diameter and reduced the wall-to-lumen ratio compared to 
placebo treated SHRSP [ 66 ]. Mineralocorticoid receptor activation has also been 
implicated in the  endothelial dysfunction   that occurs in cerebral arteries from hyper-
tensive rats. This effect of aldosterone on the basilar artery appears to be the result 
of increased oxidative stress [ 176 ]. 

 The molecular mechanisms responsible for angiotensin II and aldosterone 
induced artery remodeling have not been completely elucidated. Angiotensin II and 
aldosterone both increase NADPH oxidase mediated reactive oxygen species gen-
eration [ 177 ,  178 ]. This increases superoxide levels and may drive the cerebral 
artery remodeling process. Treatment of SHRSP with tempol, a superoxide dis-
mutase mimetic, prevents the reduction in the MCA lumen diameter normally 
observed in SHRSP with the development of hypertension [ 179 ].  

     Tetracycline Antibiotics   

 Artery remodeling requires extracellular matrix breakdown and reorganization. In 
eutrophic inward remodeling this allows the smooth muscle cells to rearrange 
themselves around a smaller lumen. In hypertrophic remodeling extracellular 
matrix breakdown is needed to accommodate smooth muscle cell hypertrophy or 
hyperplasia. The matrix metalloproteinase (MMP) family of enzymes cause extra-
cellular matrix breakdown, and these enzymes may be involved in the artery 
remodeling process [ 180 ]. Inhibiting MMPs with doxycycline reduces the devel-
opment of hypertension-associated MCA remodeling. Doxycycline had no effect 
on blood pressure suggesting its ability to prevent artery remodeling occurs through 
a blood pressure-independent mechanism. Importantly the improvement in artery 
structure was associated with a reduction in the damage caused by cerebral isch-
emia and an improvement in pial artery blood perfusion [ 158 ]. In this study 
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doxycycline was withdrawn several days before the stroke was induced; thus the 
reduction in infarct size observe with doxycycline was not the result of acute MMP 
inhibition at the time of the stroke. This is important because clinical studies 
showed that tetracycline antibiotics have acute benefi cial effects post-stroke [ 181 , 
 182 ]; these effects do not appear to be vascular in nature. Interestingly MMP 
expression is modulated by RAAS activation [ 174 ,  183 ], thus this could be a poten-
tial mechanism for the effects of ACE inhibitors, ARBs, and mineralocorticoid 
receptor  b  lockers.  

    Peroxisome Proliferator-Activated Receptor γ and HMG-CoA 
Reductase 

 Inhibiting the production of NO causes hypertension and these rats develop inward 
remodeling of the large cerebral arteries. Rosiglitazone, a  PPARγ activator  , reverses 
this remodeling without lowering blood pressure [ 184 ]. New Zealand hypertensive 
rats have basilar arteries with thicker walls than control rats and pioglitazone, 
another PPARγ activator, reduces the wall thickness in this strain. Pioglitazone also 
reduces the blood pressure, making it impossible to separate the effects of PPARγ 
activation and blood pressure lowering [ 185 ]. It is not clear why rosiglitazone and 
pioglitazone have different effects on blood pressure, but this may be a consequence 
of different models of hypertension being used. HMG-CoA reductase inhibitors 
(statins) also improve the basilar artery structure in New Zealand hypertensive rats 
by reducing the wall thickness and increasing the lumen diameter [ 186 ]. The role of 
blood pressure in this benefi cial effect remains unclear because the statin therapy 
caused a marked reduction in blood pressure.  

    Infl ammation 

  Hypertension and cardiovascular diseases   have a clear infl ammatory component 
(for reviews see [ 187 – 189 ]), and T cells [ 189 – 191 ] and macrophages [ 192 – 194 ] 
have been implicated in hypertension-associated peripheral vascular injury. The 
effects of T cells on  cerebral arteries   have not been described, but macrophage infi l-
tration into the cerebral arteries appears to be an important determinant of the devel-
opment of MCA remodeling in SHRSP. Peripheral macrophage depletion, during 
the time when blood pressure was increasing rapidly, reduced the number of peri-
vascular macrophages in the brain by 50 %. The MCA lumen diameter was increased 
and the wall thickness and wall-to-lumen ratio were reduced by macrophage deple-
tion. Macrophage depletion did not affect tone generation, or 5-HT induced 
c ontraction, but it did improve NO mediated endothelium dependent dilation. These 
changes occurred without a signifi cant reduction in blood pressure [ 195 ]. The authors 
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propose that as hypertension develops, perivascular macrophages accumulate within 
the brain and these macrophages contribute to the artery remodeling process. 

 Macrophages release cytokines including tumor necrosis factor (TNF)   -α which 
has been implicated in hypertension associated renal injury [ 196 ,  197 ]. Etanercept, 
a TNF-α inhibitor, improves the MCA structure in SHRSP. Rats were treated from 
6 to 12 weeks so that the actions of TNF-α were being inhibited as the hypertension 
developed. TNF-α inhibition signifi cantly increased the lumen diameter and reduced 
the wall thickness and wall-to-lumen ratio of the MCA. Combined, these changes in 
artery structure were associated with an improvement in pial artery perfusion [ 198 ].  

    Effects of Ischemia on Artery Structure 

 It is becoming increasingly clear that ischemia also alters the structure of the cere-
bral arteries. At present only laboratory studies using rats are available, and all of 
these studies rely on models involving ischemia followed by reperfusion. 

 Two hours of ischemia followed by 1 h of reperfusion increases the distensibility 
of the MCA. After 24 h of reperfusion the artery distensibility was normal, but the 
wall thickness was increased, and this increase in wall thickness may be an adaptive 
mechanism to correct for the change in distensibility [ 101 ]. Interestingly, later stud-
ies by the same group have shown that ischemia followed by 24 h of reperfusion 
causes an increase in the stiffness of the MCA that was ischemic [ 199 ]. 

 Some studies have compared the effects of ischemia and reperfusion injury in 
hypertensive and  normotensive rats  . In WKY rats the outer diameter of the MCA 
increases in response to  ischemia/reperfusion injury  , this was associated with an 
increase in the wall area and wall-to-lumen ratio. These structural changes were 
associated with a reduction in the wall stress in the MCA and in this case the artery 
wall was less stiff. Arteries from SHR rats did not show the expected increase in the 
outer diameter, and the wall area and wall-to-lumen ratio were both reduced by 
ischemia/reperfusion injury. Wall stress was increased in the middle cerebral arter-
ies from SHR post-stroke [ 106 ]. The author of this study linked the normotensive 
artery remodeling to an increase in the number of cells present in the arteries adven-
titia [ 106 ]. 

 The oxidative stress that occurs with ischemia/reperfusion injury may mediate 
some of the effects on artery structure. CR-6 is a derivative of vitamin E and a 
potent antioxidant. CR-6 was administered to the rats after ischemia at the time of 
reperfusion and this reduced the area of injury caused by ischemia. It also reduced 
the previously observed increase in wall thickness and wall area post-ischemia and 
increased the  wall stress   [ 104 ]. Recent studies have confi rmed this fi nding using a 
different antioxidant, uric acid [ 98 ]. This study also investigated the effects of post- 
ischemic hyperemia on artery structure. As mentioned above, 50 % of stroke patients 
exhibit hyperemia following their ischemic event [ 94 ,  95 ]. The incidence of hyper-
emia in rats was similar to that in humans, with 56 % of the rats studied exhibiting 
hyperemia. Uric acid only reduced the cerebral infarct size in rats that exhibited 
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hyperemia; it had no effects in rats that had normal blood fl ow post-stroke. Only the 
rats that exhibited hyperemia had signifi cant changes in their artery structure that 
were similar to those described above, an increase in the outer diameter and an 
increase in the artery wall thickness and cross-sectional area. Wall stress was also 
reduced in the rats that had a stroke followed by  hyperemia  . The authors linked 
these structural changes to increased infl ammation driven by the hyperemia because 
there was increased monocyte and macrophage infi ltration into the cerebral arteries 
in the rats that exhibited hyperemia.   

     Conclusions and Outstanding Questions 

  Hypertension and stroke   both have detrimental effects on the cerebral arteries. 
Stroke impairs myogenic tone generation and the regulation of blood fl ow. It also 
alters the structure of the cerebral arteries such that the lumen diameter of the isch-
emic artery increases after ischemia/reperfusion injury. Hypertension also causes 
artery remodeling but this results in a reduction in the lumen diameter of the arteries 
that could increase the risk of cerebral ischemia and the damage caused by it. 
Hypertension is a leading risk factor for stroke. Given the increasing interest in the 
vasculature as a therapeutic target for acute  ischemic stroke  , it would seem impor-
tant that we develop a better understanding of the combined effects of hypertension 
and stroke on the cerebral arteries. 

 Studies of cerebrovascular structure and function in humans are limited. Much of 
what we know about the effects of these two conditions has come from rat and 
mouse studies. The use of young rats and mice to study conditions that do not 
develop in humans until old age is therefore a serious concern. The rodent studies 
have also largely utilized male rats, and there is an urgent need to consider the 
effects of hypertension and stroke in males and females separately.
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    Chapter 6   
 Pathophysiology and Mechanisms Whereby 
Hypertension May Cause Stroke                     

     Beom     Joon     Kim     ,     Hee-Joon     Bae      , and     Lawrence     K.  S.     Wong    

       The association between hypertension and stroke has been known since the nine-
teenth century. Although a number of vascular risk factors have been identifi ed 
since, it is estimated that 51 % of stroke death may be attributable to elevated  sys-
tolic blood pressure  . The powerful effect of hypertension on the incidence and mor-
tality of stroke has repeatedly been documented regardless of region or ethnic 
background [ 1 ]. 

 Hypertension is the most important modifi able risk factor for stroke. The preva-
lence of hypertension in ischemic stroke patients ranges from two-thirds to as much 
as 80 % [ 2 ]. The degree of elevation of blood pressure is tightly correlated with the 
risk of stroke. The risk curve is a continuum without any clear point separating the 
stroke-prone from the non-stroke-prone subjects [ 3 – 5 ]. Hypertension plays a key 
role in the  pathogenesis   of large artery atherosclerosis, which in turn causes isch-
emic stroke due to thrombotic arterial occlusion, artery-to-artery embolism, or a 
combination of these factors. In the microscopic level of small arteries or arterioles, 
hypertension also generates specifi c vasculopathies such as lipohyalinosis and thus 
causing lacunar infarctions. Hypertension does not seem to directly cause cardio-
embolic stroke through generation of intracardiac thrombus, but such  thrombophilic 
cardiac conditions   including atrial fi brillation or ischemic cardiomyopathy are 
strongly under the infl uence of chronically elevated blood pressure. Additionally, 
hypertension is a major risk factor for intracerebral hemorrhage (ICH) and sub-
arachnoid hemorrhage (SAH)   , two major subtypes of hemorrhagic stroke. 

        B.  J.   Kim ,  M.D., Ph.D.    •    H.-J.   Bae ,  M.D., Ph.D.      (*) 
  Department of Neurology ,  Seoul National University Bundang Hospital , 
  Gyeonggi-do ,  South Korea   
 e-mail: braindoc@snu.ac.kr   

    L.  K.  S.   Wong ,  M.D.    
  Departments of Medicine and Therapeutics ,  Chinese University of Hong Kong, 
Hong Kong Special Administrative Region ,   Hong Kong ,  China    

mailto:braindoc@snu.ac.kr


110

  Microscopic and biological mechanisms   contributed by hypertension on the 
cerebral vasculature will be discussed in other chapters. In this chapter, we will 
discuss clinical issues related to chronically elevated blood pressure in relation to 
ischemic or hemorrhagic strokes. 

    Mechanisms of Ischemic Stroke or Tia in Relation 
to Hypertension 

    Large Artery Disease 

    Artherosclerotic  Stroke   

 Atherosclerosis may involve multiple arteries throughout the body, including the 
aorta, coronary arteries, peripheral blood vessels, and cerebral blood vessels. Fatty 
streaks, fi brous plaques, and complicated plaques are the  pathologic hallmarks   of 
atherosclerosis. Atherosclerotic lesions begin with an infl ammatory reaction fol-
lowed by smooth muscle proliferation and thickening of the arterial wall. 
Hypertension, endothelial dysfunction, shear stress, elevated low-density lipopro-
teins, free radicals, and chronic infl ammatory response are closely associated with 
the process of atherosclerosis [ 6 ]. The common locations of atherosclerosis include 
the bifurcation of the common carotid artery, origin and intracavernous portion of 
the  internal carotid artery (ICA)  , fi rst segment of the  middle cerebral artery (MCA)  , 
origin and the distal portion of the vertebral artery, and mid-portion of the basilar 
artery. Vulnerable plaques in the coronary artery tend to have a thin fi brous cap and 
a large lipid core. Autopsy fi ndings and histopathological examination of surgical 
endarterectomy specimens suggest that intraplaque hemorrhage, reparative neovas-
cularization, and ulceration are the factors leading to plaque instability in the carotid 
artery [ 7 – 9 ]. Atherosclerosis of the  MCA   most commonly affects the M1 segment, 
which extends from the origin of the artery to the insula. The lenticulostriate arteries 
arise from this section, and the origins of these vessels can be affected by the devel-
opment of atherosclerotic plaque, which may result in an isolated small subcortical 
infarct. Hemorrhage, ulceration, and calcifi cation are less common in intracranial 
atherosclerotic plaques compared to extracranial plaques. An  autopsy   study from 
Hong Kong found that luminal stenosis caused by atherosclerotic plaque, percent-
age of lipid in the lesions, and the presence of intraplaque neovasculature in the 
 MCA   are independent risk factors for MCA infarcts [ 10 ]. 

 Recent development of  imaging modalities   including high-resolution MRI, 
enhanced doppler technology, and the combination of PET-MRI scans provide 
deeper insights into the characteristics of atherosclerotic plaques. Atherosclerotic 
plaques are largely divided into stable or vulnerable  plaques  , and the former usu-
ally grow slowly and thus causing hemodynamic insuffi ciency of the perfused ter-
ritory due to intraluminal narrowing. However, the vulnerable plaques, characterized 
by thin fi brous cap over the necrotic core with high density of infl ammation, have 
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a tendency to rupture and cause sudden formation of intraluminal thrombus with 
distal embolization or vascular occlusions in situ [ 11 ]. 

 Age, hypertension, diabetes mellitus, smoking, and hyperlipidemia are well- 
known  risk factors   for atherosclerosis. Large artery atherosclerosis is the most com-
mon type of vascular pathology, in which fi brous and muscular tissues proliferate in 
the subintima of the vessel wall, and fatty materials form plaques that can impinge 
on the vessel lumen. Platelets then adhere to plaque and form clumps that serve as 
a nidus for the deposition of fi brin, thrombi, and clot [ 12 ].  Acute thrombosis   begins 
with fi ssuring of the fi brous cap of the atherosclerotic plaque, and the release of tis-
sue factors promotes the development of a clot adjacent to the plaque. Local occlu-
sion can then lead to a signifi cant decrease in blood fl ow and oxygen supply, which 
may cause ischemic brain damage. 

 In contrast to Caucasians, intracranial occlusive disease is common in persons of 
Asian and African ancestry [ 13 – 16 ]. Intracranial atherosclerosis accounts for 
33–50 % of stroke in Asians [ 13 ], and up to 10 % of stroke or TIA in the USA are 
caused by  intracranial artery stenosis   [ 17 ]. Age, hypertension, diabetes mellitus, 
and probably the  metabolic syndrome   are the most consistent risk factors for intra-
cranial atherosclerosis [ 18 ]. And a higher incidence of hypertension in populations 
of African and Asian ancestry may explain their higher prevalence of intracranial 
atherosclerosis. Severity of stenosis is widely accepted as the major prognostic risk 
factor in patients with symptomatic and asymptomatic ICA disease [ 19 ,  20 ], and has 
been reported to  increase   the risk of ischemic stroke in the territory of symptomatic 
intracranial arterial stenosis [ 21 ]. Furthermore, progression of MCA occlusion as 
assessed by an increase of fl ow velocity on TCD is associated with an increased risk 
of further cardiovascular events [ 22 ].  

    Peculiarity of  Intracranial Artery Atherosclerosis   

 Intracranial artery stenosis is an interesting topic, which deserves a separate discus-
sion. Asian and African-American patients have disproportionately higher rates of 
intracranial atherosclerosis than Caucasian populations [ 23 – 25 ]. In a postmortem 
study from China, severe intracranial atherosclerosis was found in 30 % of subjects 
in their 60s and 70s and around 50 % in elderly patients aged ≥80. Such ethnic dis-
proportion has not been clearly elaborated but it may originate from differences in 
genetic background or in the profi le of vascular risk factors. Interestingly, South 
Korea, which has entered into a modern industrialized society within a short time 
period of 20–30 years, had signifi cant changes in the proportion of intracranial ste-
nosis over extracranial stenosis which supports a role of  nutritional and environ-
mental factors   [ 26 ]. 

 Intracranial atherosclerosis shares basic pathological  components   with extracra-
nial atherosclerosis; intimal necrosis and proliferative fi brosis of intima and adven-
titia with extension of vasa vasorum into the vascular media. However, two major 
characteristics distinguish intracranial and extracranial atherosclerosis; the later 
onset and the more stable plaque phenotype in intracranial arteries [ 18 ]. 
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 The above two features may be explained by the distinct  characteristics   of the 
intracranial arteries, including (1) thicker, denser internal elastic lamina and no 
external elastic lamina; (2) vasa vasorum only in large intracranial arteries sur-
rounded by CSF; (3) distinct vessel wall metabolism; (4) presence of tight Junctions 
between endothelial cells; (5) reduced endothelial permeability; (6) relative insensi-
tivity to sympathomimetic and histamine stimulations compared with systemic ves-
sels; (7) enhanced protective mechanisms against oxidative stress; and (8) fl ow 
characteristics determined by circle of Willis anatomy [ 18 ]. Thus  far  , the larger 
antioxidant response of intracranial compared with extracranial arteries is the single 
reported functional characteristic that may contribute to the reported later onset and 
steep increase in intracranial atherosclerosis in the sixth decade. 

  Clinical issues   related to intracranial atherosclerosis may be summarized by the 
following points: (1) occlusion of small perforator branches in middle cerebral arter-
ies or basilar arteries. Such ischemic stroke from branched artery occlusion may 
occur long before any noticeable luminal narrowing develops. (2) When the cross-
sectional area of intracranial arteries became smaller, hemodynamic insuffi ciency 
and related pathological changes may develop before a typical atherosclerotic 
pathology accumulates. However, it is relatively not uncommon that the extent of 
any irreversible infarction became relatively smaller due to leptomeningeal collater-
als from posterior cerebral arteries or extracarotid arterial channels. (3) Intracranial 
arteries intermittently pose technical  hurdles   for endovascular interventions.  

     Artery-to-Artery Embolism   

  Artery-to-artery embolism   is another important stroke mechanism in patients with 
extracranial large artery disease. Emboli are composed of clot, platelet clumps, or frag-
ments of plaques that break off from the proximal vessels [ 27 ]. Proximal ICA and extra-
cranial vertebral artery atherosclerosis is an important source of embolism.  High-intensity 
transient signals (HITS)   recorded over the MCA with TCD monitoring can be used to 
detect artery-to-artery embolism in patients with proximal artery disease [ 21 ]. 

 Artery-to-artery embolism is also an important but less well-recognized mecha-
nism of stroke among patients with intracranial artery disease. Wong et al. [ 22 ] 
reported that among stroke patients with multiple acute infarcts and MCA stenosis, 
unilateral, deep, chainlike border-zone infarcts were the most common pattern. 
However, the number of microembolic signals predicted the number of acute infarcts, 
which suggested an embolic mechanism for this pattern of stroke. A possible expla-
nation is that emboli in the trunk of the MCA may simultaneously occlude several of 
the lenticulostriate perforating vessels.  

    Branch  Atheromatous Disease      

 Atheromatous plaque, often referred to as  microatheroma  , can obstruct the orifi ces 
of penetrating arteries and occlude the lumen, causing an isolated small subcortical 
infarct. Pathological features of microatheroma include microdissection, plaque 
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hemorrhage, and deposition of platelet-fi brin materials [ 28 ]. Branch atheromatous 
disease was fi rst described in pontine infarction caused by basilar branch occlusion, 
but its concept can be applied to infarcts in the territory of lenticulostriate branches, 
thalamogeniculate branches, anterior choroidal artery, Huebner’s artery, and thal-
amoperforating artery branches [ 29 ]. This pathogenic mechanism of stroke has 
been underappreciated in the past [ 29 – 31 ]. However, recent studies have demon-
strated that in patients with MCA stenosis, occlusion of a single penetrating artery 
to produce a small subcortical lacune-like infarct is relatively common [ 32 ,  33 ]. 

 Technological development of MRI permitted the acquisition of high-resolution 
images on intracranial vascular wall pathologies. Such MRI techniques visualized 
that a part of intracranial arteries, previously considered as conspicuous but undis-
turbed vascular lesions, have spread atherosclerotic plaques alongside the curves of 
vascular lumen and thus occluding the orifi ce of parenchymal perforators. In this 
context, detailed classifi cation has been  proposed   as following [ 34 ] (Fig.  6.1 ). The 
 traditional lacunar infarction pathology  , mainly composed of lipohyalinosis and 
fi brinoid necrosis of microscopic arteriolar walls, may locate at the inside of brain 
parenchyma thus causing small and confi ned infarction (Fig.  6.1a ). However, ath-
erosclerotic pathologies involving vascular walls of intracranial arteries may involve 
the opening of direct and long perforators (Fig.  6.1c ). Such occlusion may result in 
a vertically elongated lesion from basal ganglia to corona radiata in the lenticulostri-
ate artery territory or stretched lesion involving basal surface of the pons or mid-
brain in the brainstem.

   Likewise, a recent report supported the concept. The authors classifi ed so-called 
traditional lacunar infarction with axial diameter less than 1.5 cm into branch 
 atheromatous diseases and lacunar infarctions by involvement of the basal surface 
of brainstem or elongated lesions in lenticulostriate artery territories. Early neuro-
logical deterioration, defi ned as any new neurological symptom/signs within 3 
weeks from the index  stroke     , occurred more frequently in a group of branch athero-
matous disease than in a lacunar infarction group [ 35 ].  

  Fig. 6.1     Classifi cation of SSSI   according to the lesion extension and the presence of PAD. ( a ) 
Distal SSSI without PAD; ( b ) proximal SSSI without PAD; ( c ) SSSI associated with PAD.  SSSI  
indicates single small subcortical infarction and  PAD  parent artery disease. (From Nah H-W, Kang 
D-W, Kwon SU, Kim JS. Diversity of Single Small Subcortical Infarctions According to Infarct 
Location and Parent Artery Disease Analysis of Indicators for Small Vessel Disease and 
Atherosclerosis. Stroke; a journal of cerebral circulation. 2010;41(12):2822-7, with permission)       
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     Small Vessel Occlusion   

 The classical example of small vessel disease is the occlusion of a single, non-
branching penetrating end artery (usually smaller than 500 μm in diameter), which 
causes small subcortical lacunar  infarcts   (1–20 mm in diameter) (Fig.  6.2 ). There 
are a number of potential causes of small vessel occlusive disease, e.g., embolism 
and vasospasm; however, lipohyalinosis and atherosclerosis remain the two major 
pathologies.

    Fibrinoid necrosis   is caused by the insudation of plasma proteins, i.e., fi brin, into 
the arteriolar wall, which is common in hypertensive brains. The affected area is 
deeply eosinophilic and structureless, or very fi nely  granular   (Fig.  6.3 ). In hyperten-
sive individuals, the vessel wall may also be eosinophilic and structureless due to 
degeneration of muscle and collagen (hyalinization). Hyalinization is considered as 
a “mundane” change because it does not cause the rupture of the blood vessels. 
However, on light microscopy, it may be diffi cult to distinguish between hyaliniza-
tion and fi brinoid necrosis. Special stains such as the Putz stain may help in differ-
entiating between fi brinoid and hyaline material [ 36 ].  Immunohistochemistry and 
electron microscopy   have established that the fi brinoid areas do indeed contain 
fi brin, and electron microscopy clearly distinguishes fi brin with its characteristic 
periodicity from areas of hyalinization which contain only degenerated collagen 
and smooth muscle and unidentifi ed amorphous material [ 36 ,  37 ]. Fibrinoid deposi-
tion may be very  segmental   so that the material appears only at widely separated 
points along the length of arterioles or only in a portion of its circumference. In a 
study combining light microscopy with electron microscopy, fi brinoid necrosis 
occurred in vessels that also displayed hyalinization with no suggestion that fi bri-
noid necrosis preceded hyalinization [ 38 ].

  Fig. 6.2     Lacunar infarction  . 
 White arrow  indicates a 
small lacunar infarction in 
left corona radiata       
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    Lipohyalinosis     , formerly considered the most frequent cause of lacunes, shares 
some of the histochemical, electron microscopic, and immunofl uorescent character-
istics of fi brinoid necrosis [ 40 ]. Lipohyalinosis has been thought to be an intermedi-
ate stage between fi brinoid necrosis of severe hypertension and microatheroma 
associated with more long standing hypertension. Although often considered identi-
cal, lipohyalinosis and fi brinoid necrosis differ histochemically in that fi brinoid 
necrosis stains strongly for phosphotungstic acid hematoxylin, whereas lipohyali-
nosis does not (Fig.  6.4 ) [ 41 ,  42 ]. Lipohyalinosis is found most commonly in a set-
ting of chronic, nonmalignant hypertension, whereas fi brinoid necrosis is said to be 

  Fig. 6.3     Hyaline arteriosclerosis  , roughly concentric vessel wall thickening by hyaline collagenous 
material ( asterisk ), with occasional surviving smooth muscle cell nuclei ( arrow ). (From Lammie 
GA. Pathology of small vessel stroke. Br Med Bull. 2000;56:296–306, with permission [ 39 ])       

  Fig. 6.4     Lipohyalinosis  , an asymmetrically thickened, disorganized vessel wall with focal fi brosis 
( asterisk ) and foam cell infi ltration ( thick arrow ). (From Lammie GA. Pathology of small vessel 
stroke. Br Med Bull. 2000;56:296–306, with permission.)       
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found uncommonly with extreme blood pressure elevation such as those that occur 
in hypertensive encephalopathy and eclampsia [ 40 ]. Original Fisher’s description 
was that vascular lesions involved small arteries of 40–200 μm diameter and caused 
correspondingly small, often asymptomatic, cerebral infarcts, particularly in the 
striatocapsule [ 43 ,  44 ]. He chose the term  lipohyalinosis   instead of fi brinoid necro-
sis just because he perceived that the affected arteriolar segments also contained 
lipid. Owing to his huge infl uence in this area, the term lipohyalinosis has come into 
widespread use, while fi brinoid necrosis has become the less-used term.

   The most common locations for lacunes are the putamen and the pallidum, fol-
lowed by the pons, thalamus, caudate nucleus, internal capsule, and corona radiate 
[ 44 ]. The incidence of cerebral lacunes has declined since the introduction of 
  antihypertensive therapy  , an indication that antihypertensive therapy is effective in 
the prevention of this type of stroke [ 44 ]. Initially, lipohyalinosis was thought to be 
the main cause of lacunar stroke. However, with recent advances in modern neuro-
imaging, microatheroma is now thought to be the most common mechanism of 
small vessel occlusion, especially in Asian populations with high prevalence of 
large intracranial artery stenosis [ 45 ]. The culprit atheromatous plaques are often 
seen in the proximal portion of the perforating artery (microatheroma), at its origin 
(junctional atheroma), or in the parent  artery   itself (mural atheroma). Infarcts are 
related to stenotic or occlusive plaques, some but not all of which may be compli-
cated by overlying thrombus [ 44 ]. Subcortical infarcts caused by atheromatous dis-
ease are larger in size, usually more than 5 mm in diameter, and associated with a 
more unstable clinical course than those caused by lipohyalinosis [ 45 ].  

     Cardioembolism      

 In cardioembolic stroke, the embolus most commonly originates from the heart valves, 
endocardium, and atrial or ventricular cavities. Other clots may originate in systematic 
veins and then travel to the brain through cardiac defects, such as a patent foramen 
ovale, a process termed  paradoxical embolism  . A larger infarct is more common in 
cardioembolic stroke when compared to an artery-to-artery embolic stroke because the 
clots are larger and there is insuffi cient time to develop an effective collateral circula-
tion. Atrial fi brillation is the most common cardiac source of brain embolism. Atrial 
fi brillation is more likely to develop in hypertensive patients with left ventricular 
hypertrophy and an increased left atrial size. A recent study also showed that regres-
sion of left ventricular hypertrophy with antihypertensive therapy reduced the risk of 
developing atrial fi brillation [ 46 ]. Hence, better blood  pressure      control in addition to 
anticoagulation may further reduce the risk of embolic stroke.  

     Hemodynamic Stroke      

 Cardiac failure and systemic hypotension are the two major causes of systemic 
hypoperfusion.  Systemic hypoperfusion   is more generalized than cerebral arterial 
thrombosis or embolism and usually affects both cerebral hemispheres. Recent 
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studies have demonstrated an association between blood pressure and heart failure. 
In a US study of over 48,000 patients admitted with acute heart failure, patients in 
the lowest quartile of systolic pressure (<120 mmHg) had the highest in-hospital 
and 3-month postdischarge mortality rate [ 47 ]. A prospective community-based 
study found that nondipping of nocturnal blood pressure conferred an additional 
risk of developing chronic heart failure beyond conventional blood pressure mea-
surement [ 48 ]. Therefore, we speculate that good control of blood pressure may 
lower the risk of developing cardiac failure and thereby lower the risk of cerebral 
hypoperfusion. 

 Additionally, chronic hypertension leads to atherosclerosis and increased periph-
eral vascular resistance, which may further reduce the collateral reserve and result 
in severe ischemia distal to an arterial occlusion [ 49 ]. The border-zone areas 
between vascular territories are usually vulnerable to hypoperfusion, and when 
there is a profound decrease in systemic blood pressure, watershed infarcts occur in 
these areas. 

 Hypoperfusion caused by a process occurring at a distance from the brain (i.e., 
the heart or extracranial arteries) rarely produces major brain infarction. In contrast, 
decreased blood fl ow caused by a lesion directly at the site of brain tissue is not so 
benign. Occlusion of penetrating arteries often causes an infarct in the territory sup-
plied by the obstructed artery. In addition, severe intracranial arterial disease also 
seems more likely to cause brain infarction than extracranial occlusive disease [ 50 ]. 

 Traditionally, hypoperfusion and embolism are considered independent mecha-
nisms of stroke in patients with arterial occlusive disease. Caplan proposed that they 
often coexist in patients with severe occlusive disease [ 51 ,  52 ]. Arterial luminal 
narrowing and endothelial abnormalities promote clot formation and subsequent 
embolization, whereas reduced perfusion limits clearance of emboli, especially in 
the border zones. Impaired washout is an important mechanism that combines 
 hypoperfusion     , embolization, and brain infarction [ 51 ,  52 ].  

    Stroke and the Variability of  Blood Pressure   

 Blood pressure tends to fl uctuate over time. Such variability is thought to refl ect 
normal physiology of the autonomic nervous system, cardiac cycle and changes in 
body posture as well as external environmental change, psychological stress and 
circadian rhythm [ 53 ]. 

 Short-term variability of blood pressure, usually referring to beat-to-beat vari-
ability over the 24 h of a single circadian cycle, represents an adaptive response of 
body regulatory systems to the internal and external environment. Short-term vari-
ability is usually summarized as an average of standard deviation or a coeffi cient of 
variation but is only modestly associated with cardiovascular complications [ 54 , 
 55 ]. Long-term variability usually refers to the variation of blood pressure readings 
between clinic visits, over seasons and years. Surprisingly, long-term blood pres-
sure variability shows only a weak correlation with short-term fl uctuations and may 
be affected by environmental changes between each measurement and the exposure 
to BP-lowering medications [ 56 – 58 ]. 
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 Until recently published pivotal papers, fl uctuations in blood pressure were 
mostly dismissed and not included in analyses. However, a series of papers pub-
lished in 2010 demonstrated that such variability is important and may infl uence 
certain vascular outcomes after stroke, for example, and certain classes of blood 
pressure lowering medication may modify blood pressure variability better than 
other classes of blood pressure lowering medication. Rothwell and colleagues 
selected recent ischemic stroke or transient ischemic attack patients with more than 
seven measurements of offi ce blood pressure over at least a 4-month interval. They 
discovered there is a signifi cant variation in the blood pressure readings over the 
long period of follow-up, and the blood pressure variability showed noticeable cor-
relation with recurrent stroke events [ 59 ]. In a parallel paper, they reported that 
visit-to-visit variability was more evident in a beta-blocker treated group than in a 
calcium channel blocker treated group. This suggested that blood pressure variabil-
ity itself may be mitigated [ 56 ]. 

 Earlier, Swedish investigators documented that blood pressure lowering medica-
tion may protect against stroke by lowering variability of blood pressure as well as 
by decreasing the level of blood pressure [ 60 ]. In a large cohort of 16,000 hyperten-
sive patients with a follow-up duration up to 35 years, the investigators detect a 
consistent association between long-term blood pressure variability and the risk of 
cardiovascular diseases and vascular mortality [ 61 ]. Diaz and colleagues reported a 
meta-analysis of seven cohort studies and noted that for each 5 mmHg higher stan-
dard deviation of systolic  blood pressure  , the risk of cardiovascular diseases were 
increased by 17 % for stroke, by 27 % for coronary heart disease, by 12 % for all 
cardiovascular diseases, and by 22 % for all-cause mortality [ 62 ]. The strength of 
association was moderate, and detailed indices of BP variability were not analyzed.    

    Mechanisms of Intracranial Hemorrhages in Relation 
to Hypertension 

 Intracranial hemorrhages involve the brain parenchyma or subarachnoid space, or 
both. Approximately 15 % of strokes are hemorrhagic. While this accounts for a 
small proportion of stroke, hemorrhagic stroke has a higher mortality rate compared 
to ischemic stroke. Hypertension and ruptured cerebral aneurysms are two major 
causes of intracranial hemorrhage, which are discussed subsequently. 

    Hypertensive Intracerebral Hemorrhage 

 Traditionally, hypertension has been considered the predominant cause of ICH [ 63 ]. 
Hypertension-related ICH often leads to subcortical hemorrhage, such as in the 
putamen (Fig.  6.5 ) and adjacent internal capsule, thalamus, pons, and cerebellum. 
However, the importance of hypertension in the etiology of lobar hemorrhage 
should also be recognized. A study by Broderick and colleagues found that 
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hypertension is nearly as common in primary lobar hemorrhage as in deep hemi-
spheric, cerebellar, and pontine hemorrhages, and its association with lobar hemor-
rhage does not diminish with advancing age [ 64 ]. In this study, 67 % of 66 patients 
with lobar ICH had hypertension, compared to 77 patients with deep hemispheric 
(73 %), 11 with cerebellar (73 %), and 9 with pontine (78 %) hemorrhages.

   There are two important  mechanisms   that result in hypertensive ICH: (a) rupture of 
small penetrating arteries damaged by chronic hypertension and aging and (b) acute 
elevation of blood pressure leading to rupture of normal arterioles and capillaries. 

     Chronic Hypertension   

 Chronic hypertension produces arteriolar changes consisting of fi brinoid necrosis, 
lipohyalinosis, medial degeneration, and microaneurysm formation, all of which make 
the vessel susceptible to rupture. The rupture usually occurs in the middle or distal 
portions of penetrating arteries at or very near to bifurcations. The role of  microaneu-
rysms   in causing ICH was fi rst proposed by Charcot and Bouchard in 1868, but has 
been debated over a century. There is accumulating evidence against the theory that 
the spontaneous ICH is due to a rupture of Charcot–Bouchard microaneurysms as it 
has never been clearly identifi ed as the defi nite cause of spontaneous cerebral hemato-
mas. Challa et al. [ 65 ] failed to demonstrate microaneurysms in hypertensive patients 
with spontaneous ICH. An electron microscopic study of ruptured arteries in hyper-
tensive ICH showed severe degenerative changes in 46 of 48 ruptured arteries, but 
ruptured microaneurysms were found only in two cases [ 66 ]. These studies indicated 
that degenerative changes caused by age and hypertension can predispose to ICH, but 
it is not certain that a ruptured microaneurysm is the cause of the bleeding.  

  Fig. 6.5    Intracerebral 
 hemorrhage  . A small 
hypertensive intracerebral 
hemorrhage in  left  basal 
ganglia       
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     Acute Hypertension   

 In clinical practice, many patients with ICH have no prior history of hypertension. 
In addition, pathologic evidence of chronic hypertension, such as left ventricular 
hypertrophy or other cardiac and renal changes, is often not found. Bahemuka et al. 
[ 67 ] found only 46 % of fatal cases of spontaneous ICH had chronic hypertension or 
left ventricular hypertrophy. Similarly, in a case series of 154 patients with sponta-
neous ICH during 1 year, only 45 % had a history of hypertension [ 68 ]. In these two 
studies, the location of hematoma, increased blood pressure on admission, and 
absence of other etiologies suggest that the ICH is often caused by an acute eleva-
tion of blood pressure. Evidence also indicates that an acute increase in blood pres-
sure and blood fl ow can precipitate rupture of normal arterioles and capillaries 
unprotected from these changes in the absence of prior hypertension. Usually, the 
more sudden and the more severe the change, the higher the risk of rupture. 

 The combination of a signifi cant increase in cerebral blood fl ow and blood pres-
sure may also lead to ICH following carotid endarterectomy or carotid artery stent-
ing. A retrospective review of 4494 patients who underwent carotid endarterectomy 
or carotid artery stenting found that strict control of postoperative blood pressure 
prevents ICH caused by cerebral hyperperfusion syndrome after CEA [ 69 ]. A more 
recent study also demonstrated that comprehensive management of hypertension 
can lower the incidence of ICH and hyperperfusion syndrome in high-risk patients 
following carotid artery stenting [ 70 ]. 

 ICH has been frequently associated with the use of illicit drugs, especially 
cocaine and amphetamine, which are known to have sympathomimetic effects. 
Cocaine-induced hypertension is a long-recognized risk factor of ICH. Some 
patients may also develop a hypertensive encephalopathy with multiple ICH and 
brain edema [ 71 ]. The exact mechanism by which these drugs cause ICH is not yet 
clear. One possible explanation is that the sudden elevation of blood pressure that 
occurs immediately after using drugs may cause an existing aneurysm or arteriove-
nous malformation in the brain to rupture. Interestingly, a higher frequency of an 
underlying vascular malformation has been noted in cocaine-related hemorrhage 
compared to amphetamine-related hemorrhage [ 71 ,  72 ]. 

 What is interesting in the issue of blood pressure and ICH is that blood pressure 
variability measured with the maximal systolic blood pressure and the standard 
deviation of systolic blood pressure in both hyperacute and acute periods  of   ICH 
was well correlated with poor clinical outcomes [ 73 ].  

     Aneurysmal Subarachnoid Hemorrhage      

 SAH (Fig.  6.6 ) occurs when a blood vessel near the brain surface leaks, leading to 
extravasation of blood into the subarachnoid space. SAH is most often caused by 
rupture of a saccular aneurysm. Saccular aneurysms are most commonly seen at the 
ICA–posterior communicating artery junction, anterior communicating artery–
ACA junction, the apex of basilar artery, and the MCA bifurcation. Histopathologic 
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features of aneurysms include degenerative changes, thinning of the media, infl am-
matory changes, atherosclerosis, and presence of medial and elastic defects of the 
aneurysmal wall [ 74 ].

   The mechanism of the origin, growth, and rupture of saccular intracranial aneu-
rysm is largely unknown. Intracranial arteries are more susceptible to aneurysm 
formation than extracranial arteries because intracranial vessels are thinner, with 
less elastin; the external elastic lamina is absent; and vessels in the subarachnoid 
space lack surrounding supporting tissue. A congenital defi cit in the arterial media 
may be a weak spot through which the inner layers of the arterial wall bulge and is 
a possible explanation for aneurysmal formation. Focal defi cits are often located at 
arterial bifurcations. Reduced production of type III collagen has also been reported 
to be associated with familial intracranial aneurysms [ 75 ]. In addition, acquired 
changes in the arterial wall are also likely to be important since hypertension, smok-
ing, and alcohol abuse are known risk factors for SAH. These conditions lead to 
local thickening of the intimal layer of the arterial wall. This, in turn, may increase 
strain on the more elastic portions of the vessel wall [ 76 ]. 

 In animal models, saccular aneurysms can be produced by combining experi-
mental renal hypertension and ligation of a carotid artery to alter hemodynamic 
stress in the circle of Willis. However, the administration of beta-aminopropionitrile 
alone, a potent irreversible inhibitor of lysyl oxidase which initiates cross-linkage 
formation in elastin and collagen, without the presence of hypertension does not 
induce aneurysm formation, which indicates that a vascular lesion and hemody-
namic stress are both important in the pathogenesis of aneurysm formation [ 49 ]. In 
addition, abnormalities in structural proteins of the extracellular matrix have been 
identifi ed in the arterial wall at a distance from the aneurysm itself [ 77 ]. 

  Fig. 6.6    Subarachnoid 
 hemorrhage  . Extensive 
blood clots occupy basal 
and perimesencephalic 
cisterns and both sylvian 
fi ssures       
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 Stress on the vessel wall increases as the radius of the aneurysm enlarges. When 
the wall stress exceeds the wall strength, aneurysms rupture. Evidence indicates that 
aneurysms larger than 10 mm in diameter are more likely to rupture [ 78 ]. Aneurysms 
may rupture at any time, but are more prone to do so when  blood   pressure or blood 
fl ow increases during strenuous activity.    

    Mechanisms of Silent Brain Lesions in Relation 
to Hypertension 

    White Matter  Lesions   

 White matter lesions (WMLs) (Fig.  6.7 ) are considered present if visible as hyperin-
tense lesions on proton-density and T2-weighted images, without prominent hypoin-
tensity on T1-weighted scans [ 79 ]. WMLs are strongly associated with increasing 
age. However, in most studies, white matter changes are more common in hyperten-
sive than in normotensive individuals, especially in the young. A population- based 
study showed that the duration of hypertension was associated with both periventricu-
lar and subcortical WMLs. Furthermore, subjects with successfully treated hyperten-
sion had only moderately increased subcortical and periventricular WMLs compared 
with normotensive subjects [ 80 ]. The importance of WMLs as a predictor of stroke 
risk [ 79 ,  81 ] and vascular dementia [ 80 ] has been demonstrated in previous studies.

   The pathology of WML is heterogeneous, including small infarction, gliosis, 
demyelination, vascular ectasia, and dilated perivascular spaces, all of which are 
also commonly seen in the experimental hypertension model [ 82 ]. The exact mech-
anism of WMLs is unclear, but hypertension-related arteriolosclerosis appears to be 
the most important causative factor, and the extent of WMLs is thought to refl ect the 
extent of brain arteriolosclerosis [ 83 ].  

  Fig. 6.7    White matter 
 lesions  . Extensive white 
matter changes 
(leukoaraiosis) are 
observed in both 
periventricular and 
subcortical white matter       
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     Silent Infarctions  : Old Lacunar Infarcts and Microinfarcts 

 Silent infarcts may be divided into two comparable categories: old lacunar infarc-
tions and microinfarcts.  Old lacunar infarcts   are defi ned as focal hyperintensities on 
T2-weighted images, 3 mm in size or larger, with corresponding prominent hypoin-
tensities on T1-weighted images [ 79 ]. Old lacunar infarcts and WMLs are thought 
to have similar vascular origin. However, the majority of silent infarcts are lacunar 
infarcts which may be caused by either large or small vessel disease, whereas 
WMLs refl ect mainly small vessel disease. In terms of clinical outcome, studies 
indicate that both community-based normal elderly people [ 79 ,  84 ] and stroke 
patients [ 81 ,  85 ] with old lacunar infarcts and WMLs are at a strongly increased risk 
of stroke, which cannot be explained by other stroke risk factors.  Microinfarcts   are 
typically undetected by conventional structural MRI and can be detected only by 
microscopic histological examinations, although the largest acute microinfarcts can 
be detected by diffusion-weighted imaging [ 86 ,  87 ]. This category of silent, or at 
least subclinical, lesions has been associated with macroscopic infarcts and com-
monly coexists with Alzheimer disease pathology [ 88 ,  89 ].  

    Cerebral  Microbleeds   

 Microbleeds (MBs) (Fig.  6.8 ) are defi ned as punctate, homogeneous, rounded, 
lesions less than 0.5 cm in size, with signal loss or hypointensity on gradient echo 
MRI. The pathology of microbleeds is perivascular deposits of hemosiderin in the 

  Fig. 6.8     Microbleeds  . Several microbleeds are seen in both thalamus and basal ganglia. The  black 
arrow  indicates one of them. ( Sources : Figs. 5, 6, 7, and 8 from Dr Bae’s collections)       
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brain, which is regarded as evidence of previous rupture of small vessels [ 90 ,  91 ]. 
MBs have been found in patients with both ICHs and ischemic stroke. The presence 
of MBs predicts the recurrence of ICH in patients with primary lobar ICH and is 
associated with aspirin-associated ICH [ 92 ]. Hence, antiplatelet medications should 
be used with caution in patients with diffuse MBs. Various studies have shown that 
microbleeds are related with subsequent cerebral bleeding among patients with isch-
emic stroke including acute hemorrhagic transformation after thrombolysis [ 93 ], 
although there is also some evidence against the importance of MBs as a predictor of 
hemorrhagic transformation [ 94 ]. Lobar microbleeds detected in the elderly are 
often attributed to amyloid angiopathy and associated with Alzheimer’s disease.

   The mechanism of microbleedsMicrobleeds (MBs) is largely unknown. MBs have 
been found to be associated with increased age, hypertension, WMLs, lacunar infarcts, 
and ICH [ 95 ,  96 ]. One recent study found that there were linear associations between 
MBs, WMLs, and lacunar infarcts. With increasing number of lacunar infarcts or 
severity of WMLs, the frequency and the number of MBs increased in parallel [ 90 ]. 
This fi nding indicates that microbleeds, white matter changes, and lacunar infarcts 
most probably share the same pathogenesis of advanced microangiopathy.   

    Conclusions 

 Hypertension has deleterious effects on the cerebral circulation. Hypertension alters 
the structure of blood vessels by producing vascular hypertrophy and remodeling 
and by promoting atherosclerosis in large cerebral arteries and lipohyalinosis in 
penetrating arterioles. In addition, hypertension also impairs endothelium-depen-
dent relaxation and alters cerebrovascular autoregulation and neurovascular cou-
pling. With these functional and structural alternations, hypertension facilitates 
vascular occlusions or degenerative change that is prone to rupture and bleeding, 
thereby causing both ischemic and hemorrhagic stroke. Recently it has been shown 
that short-term and also long-term blood pressure variability can play a role in the 
pathogenesis of stroke. 

 Better understanding of these underlying mechanisms may provide new insights 
into stroke management and prevention. Since hypertension is one of the modifi able 
risk factors of cerebrovascular disease, optimal blood pressure control may signifi -
cantly lower the risk of stroke.      
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    Chapter 7   
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of Guidelines for the Management 
of Hypertension and a Critical Appraisal 
of the 2014 Expert Panel of the National 
Institutes of Health Report                     

     Luke     J.     Laffi n       and     George     L.     Bakris     

        Hypertension   is one of the most prevalent health problems worldwide and the third 
largest cause of the global burden of disease [ 1 ]. While the prevalence of hyperten-
sion in developed countries is expected to increase by 24 %, it is projected that there 
will be an 80 % increase in developing nations [ 2 ]. Worldwide, 54 % of ischemic 
heart disease and 47 % of strokes are attributable to high blood pressure [ 3 ]. The rise 
in hypertension prevalence is attributed to several factors, including the overall 
aging of the population, a dramatic increase in obesity, and a decrease in physical 
activity. Untreated hypertension is associated with signifi cant cardiovascular (CV) 
morbidity and mortality. It is an independent risk factor for the development of all 
of the  clinical manifestations   of cardiovascular disease (CVD), including coronary 
artery disease (CAD), peripheral artery disease (PAD), congestive heart failure 
(CHF), and stroke. In the United States, 69 % of patients who experience their fi rst 
 myocardial infarction (MI)  , 77 % with their fi rst stroke, and 74 % with CHF have a 
blood pressure >140/90 mmHg [ 4 ]. 

 It is estimated that 1/3 of individuals greater than 20 years of age has hyperten-
sion in the United States, and this number is projected to be 41 % by 2030 [ 4 ]. There 
is signifi cant variation in its prevalence based on age, sex, and ethnicity. Data from 
the  National Health and Nutrition Examination Survey (NHANES)   2011–2012 
demonstrate a stepwise increase in hypertension with advancing age [ 5 ]. Among 
men and women ages 45–59 approximately 32 % have hypertension, compared to 
65 % of individuals ages >60 years of age. From ages 20 to 64 the prevalence among 
men, compared to women, is higher; beyond age 65 signifi cantly more women have 
hypertension than men. 
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 The prevalence of  hypertension   in black men and women in the United States is 
among the highest in the world (45 % for men and 46 % for women.) This is com-
pared to non-Hispanic white men and women with a prevalence of 33 % and 30 %, 
respectively, and a 30 % prevalence among Hispanic males and females [ 4 ]. Despite 
the considerable health consequences, the majority of people with hypertension are 
still not at recommended guideline goals. The data from NHANES 2009–2012 
demonstrate that while 83 % of individuals with hypertension were aware of their 
condition, and 77 % were undergoing treatment, only 54 % had their blood pressure 
controlled to <140/90 mmHg. This is an improvement from 45 % in 2005–2006 [ 6 ]. 
Similar reports from other countries reveal a poor record of BP control, regardless 
of the populations studied, the accessibility to/cost of medical care, or the treatment 
settings [ 2 ]. 

 In the majority of patients, the risk attributed to hypertension is driven primarily 
by the  systolic blood pressure (SBP)  . As age increases both SBP and  diastolic blood 
pressure (DBP)      rise in parallel. However, after the age of 50 the DBP tends to fall 
or plateau, while the systolic pressure continues to increase. Consequently, SBP is 
the major determinant of events, particularly in patients over the age of 50 [ 7 ,  8 ]. 

 The importance of  pulse pressure  —the difference between systolic and diastolic 
pressures—is controversial in predicting future events. Initial studies suggested that 
pulse pressure was a powerful predictor [ 9 ]. More recent analyses suggest that the 
signifi cance of the pulse pressure is lessened after adjusting for the systolic pressure 
[ 10 – 12 ]. 

    Hypertension and Cardiovascular Disease 

 Hypertension is a predictor of CV events in a continuous and graded manner. 
A meta-analysis of 61 prospective studies, including one million adults, illustrated 
that for each 20/10 mmHg increase in BP starting from 115/75 mmHg, the CV risk 
is doubled [ 12 ]. Data from the Framingham Heart Study also indicate that, com-
pared with individuals who have normal  blood pressure  , the relative risk of a CV 
event increases as the blood pressure rises, within each age group [ 3 ]. By age 50, the 
overall lifetime risk of a CV event for a man with stage 1 or 2 hypertension is 
62–65 %, compared to 47 % for men with normal blood pressure. The risk is 52 vs. 
29 % for women [ 13 ]. For hypertensive men and women at age 50, this results in a 
life expectancy that is 5 years shorter than normotensive patients [ 14 ]. 

 Studies with more than 3 years of follow-up demonstrate an independent effect 
of hypertension on the development of cardiovascular events in younger people as 
well. In a prospective study of more than 11,000 men ages 18–39 with a baseline 
SBP >160 mmHg, the risk of coronary heart disease increased two- to fourfold over 
25 years [ 15 ]. If an individual develops  left ventricular hypertrophy  , his or her risk 
of future cardiovascular events, particularly the development of heart failure, 
increases even further. This accentuates the importance of recognizing and control-
ling hypertension early in at-risk patients. 
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 Epidemiologic data suggest that even patients with mildly elevated blood 
 pressure experience an increase in cardiovascular mortality. In more recent follow-
up of the above cohort of men, now ages 18–49, the relative risk of CAD mortality, 
stroke mortality, and overall CVD mortality was increased among all hypertension 
subgroups. This includes men with combined systolic and diastolic hypertension, 
isolated systolic or diastolic hypertension, and, interestingly, men with what is 
termed “high-normal”  BP   (SBP of 130–139 mmHg or DBP 85–89) [ 16 ]. This cor-
roborates prior work demonstrating that both men and women with high-normal BP 
have been shown to have more than a 50 % higher risk of cardiovascular events over 
10 years than patients with normal blood pressure [ 17 ]. 

 In the majority of patients with hypertension, their diagnosis does not occur in 
isolation, but rather is found in association with other CV risk factors. Investigation of 
risk factor clustering demonstrates that fewer than 20 % of individuals have hyperten-
sion in the absence of additional risk factors. Specifi cally, more than half of patients 
have one or two additional risk factors [ 18 ]. Unsurprisingly, the risk of CV events 
increases as the number of risk factors increases, even at the same level of BP [ 19 ]. 

 Traditional CV risk factors for CAD include DM, hypertension, family history 
(CVD before the age of 55 in men and 65 in women), tobacco use, and age (>55 for 
men and >65 for women). One of the more widely used techniques to evaluate the risk 
of hypertension in the context of additional risk factors is the  Framingham General 
CV risk Score (FRS)  . It was initially published in 1998 and updated most recently in 
2008. It provides estimates of the 10-year risk of a coronary event based on a person’s 
total cholesterol (C), HDL-C, hypertension, DM, tobacco use, and age [ 20 ]. 

 More recently the  American College of Cardiology (ACC)   and the  American 
Heart Association (AHA)   jointly released an updated CV risk calculator. This 
model includes similar parameters to the FRS, but now includes larger numbers of 
African-American patients (in addition to Caucasian), includes only hard CV end- 
points including fatal and nonfatal myocardial infarction and stroke, and does not 
include family history as a parameter [ 21 ]. This risk calculator has not been univer-
sally adopted due to concerns that it may overestimate overall CV risk [ 22 ]. 

 Another important collection of CV risk factors, of which hypertension is one, is 
the  metabolic syndrome  . It is not truly a syndrome, but rather a compilation of risk 
factors combined to denote substantial increase in risk of CVD. The  National 
Cholesterol Education Program (NCEP)    Adult Treatment Panel III (ATP III)   defi nes 
the metabolic syndrome as the presence of three or more of the following: (a) blood 
pressure elevation (≥130/85 mmHg), (b) impaired fasting glucose (>100 mg/dL or 
drug treatment for elevated glucose), (c) increased waist circumference (>102 cm 
for men and 88 cm for women), (d) low HDL-C (<40 mg/dL), and (e) hypertriglyc-
eridemia (>150 mg/dL or drug treatment for elevated triglycerides) [ 23 ]. Data from 
the Framingham Offspring Study demonstrated that of patients who did not have 
metabolic syndrome, 10 % had elevated blood pressure, compared to 32 % of the 
people with metabolic syndrome [ 24 ]. Subjects were followed over 8 years for the 
development of CV events and the development of DM. The presence of metabolic 
syndrome conferred a relative risk of 4–6 and 24–30 for the development of CV 
events and DM, respectively. 
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 Much of the increased risk associated with metabolic syndrome occurs from obe-
sity, particularly visceral adiposity.  Obesity   is one of the most common causes of 
hypertension, the prevalence of which is rising at an alarming rate. It is now esti-
mated that 69 % of the United States population is either overweight or obese, with 
the latter defi ned as a  body mass index (BMI)   >30 kg/m 2  [ 4 ]. Obesity leads to several 
physiologic changes, including hyperinsulinemia and insulin resistance, endothelial 
dysfunction, increased activation of the sympathetic nervous system, sodium reten-
tion, and increased oxidative stress. Obesity is one of the major cardiovascular risk 
factors  highlighted   in Table  7.1 . Population studies indicate that being obese pro-
motes a clustering of risk factors and greatly infl uences their impact. Patients who 
are obese are more than twice as likely as lean patients to have more than three CV 
risk factors, a 40–60 % increased risk of a cardiac event, and up to a 100 % increase 
in cardiovascular death [ 25 – 27 ]. Data from the CRUSADE registry of national out-
comes in the setting of a  non-ST elevation myocardial infarction (NSTEMI)   showed 
that among obese patients, the mean age of a fi rst NSTEMI was 3–12 years younger 
than lean patients, depending on the degree of obesity [ 28 ]. Given that high BMI 
went from tenth to sixth in the ranking of global burden of disease between 1990 and 
2010, the cardiovascular impact of obesity cannot be ignored [ 29 ].

   Concurrent with the rise in obesity, hypertension, and DM is an increased risk of 
sequelae from these conditions, including chronic kidney disease ( CKD)      [ 30 ]. 
CKD, defi ned as an  estimated glomerular fi ltration rate (eGFR)   <60 mL/min, is 
known to be an independent risk factor for incident CVD events including all-cause 
mortality [ 31 – 33 ]. 

   Table 7.1    Cardiovascular 
 risk factors    

 Hypertension 
 Diabetes mellitus 
 Tobacco use 
 Age (>55 years for men, >65 years for women) 
 Family history of premature cardiovascular disease 
(<55 years for men, <65 years for women) 
 CKD 
 Obesity 
 Dyslipidemia 
 Physical inactivity 
  Target organ damage  

 Heart 
 Left ventricular hypertrophy 
 Angina pectoris or myocardial infarction 
 Coronary revascularization 
 Heart failure 

 Brain 
 Stroke or transient ischemic attack 

 Chronic kidney disease 
 Peripheral arterial disease 
 Retinopathy 

L.J. Laffi n and G.L. Bakris



135

 Hypertension and DM are the most common causes of  CKD   and patients with 
CKD are more likely to die of CV causes than to develop renal failure [ 34 ]. A 
reduced  eGFR   poses an increased cardiovascular risk, in part because it represents 
a higher prevalence of associated risk factors, such as uncontrolled hypertension 
and dyslipidemia. Several large studies have shown that patients with a reduced 
eGFR have higher blood pressure and total cholesterol, lower HDL-C, and are more 
likely to have ischemic heart disease, left ventricular hypertrophy, diabetes, and 
heart failure [ 35 – 37 ]. As a result, it has been postulated that reduced eGFR may be 
a marker for more severe vascular disease [ 38 ] and multiple cohorts demonstrate an 
association between reduced eGFR and risk of CVD [ 39 ].  Reduced kidney function   
is also associated with several abnormalities, including increased levels of infl am-
matory markers, enhanced coagulability, increased arterial stiffness, and endothelial 
dysfunction, all of which may contribute to its role in cardiovascular morbidity and 
mortality. 

 An example illustrating CKD and increased risk of CVD is provided in data from 
the Kaiser Permanente Renal Registry of more than one million adults. It demon-
strates a graded, independent association between eGFR and CV events. Patients 
with an eGFR of 40–59 mL/min experienced a 40 % increase in events compared to 
those with normal renal function. Furthermore, there was a 100 % increase for an 
eGFR of 30–44 mL/min and a 340 % increase for an eGFR of less than 15 mL/min 
[ 39 ]. In the  Valsartan in Acute Myocardial Infarction Trial (VALIANT)  —a study in 
which patients who had a myocardial infarction complicated by heart failure were 
randomized to valsartan, captopril, or both—each reduction in the eGFR by 10 mL/
min, starting at 80 mL/min, was associated with a hazard ratio for death and nonfa-
tal cardiovascular events of 1.10 [ 40 ]. More specifi cally, high albuminuria (formerly 
microalbuminuria) is more often found in patients with DM and is an early marker 
of abnormal vascular responsiveness. As with a reduced eGFR, high albuminuria is 
associated with generalized endothelial dysfunction, vascular permeability, 
increased infl ammatory markers, and abnormalities in the coagulation system 
(Fig.  7.1 ) [ 39 ].  High albuminuria   is an infl ammatory marker itself associated with 
increased CV risk and does not indicate presence of CKD. Only increases in high 
albuminuria to levels above 300 mg/day indicate CKD development [ 41 ] As part of 
the  National Kidney Foundation’s Kidney Early Evaluation Program (KEEP)  , a 
community-based screening program for CKD, patients with normal renal function 
were compared to those with a combination of moderately increased albuminuria, 
reduced eGFR, and anemia. The latter group had the lowest survival—93 % over 30 
months vs. 98 % in the patients without kidney disease [ 34 ].

   The relationship between hypertension and CVD has several important implica-
tions from diagnostic and therapeutic  perspectives  . First, a diagnosis of hyperten-
sion should always prompt an investigation for other CV risk factors noted in 
Table  7.1 . Second, the presence of certain comorbidities may infl uence what is con-
sidered an appropriate treatment regimen, which will be discussed below. Third, 
previously patients with several additional risk factors had different treatment goals 
compared to a patient with isolated hypertension; current guidelines have moved 
away from different goals, but consensus for these goals is not universal.  
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    Guidelines for the Management of Hypertension 

 The association between hypertension and other CVD risk factors, such as DM, 
dyslipidemia, CKD, and obesity, is the underpinning of recommendations by all 
national and international blood pressure guidelines written by the 2014 Expert 
Panel of the National Institutes of Health [ 42 ], the  European Society of Hypertension–
European Society of Cardiology (ESH–ESC)   [ 43 ], the  American and International 
Societies of Hypertension (ASH/ISH)   [ 44 ], and the  British National Institute of 
Clinical Excellence (NICE)   guidelines [ 45 ]. 

 The  classifi cation   of hypertension was adjusted in the 2014 Expert Panel of the 
National Institutes of Health from the prior JNC 7 report [ 46 ]. The most signifi cant 
change was increasing the target BP goals in adults of less than 60 years of age to 
<140/90 mmHg and for adults greater than 60 years of age to <150/90 mmHg. The 
other signifi cant change was aligning the BP goals in patients with CKD or DM to 
those patients with only primary hypertension to <140/90 mmHg. These updated 
strategies for the classifi cation and the goal treatment of  hypertension   in adults are 
shown in Table  7.2 .

    Pharmacotherapy   of hypertension is initiated only after initial evaluation of the 
patient is completed, and the diagnosis of hypertension is confi rmed. Additionally, 
if hypertension is uncomplicated, the patient must fail a trial of lifestyle modifi ca-
tion in the presence of blood pressure elevation between 140–159 mmHg SBP and 
90–100 DBP. Patients presenting with blood pressure greater than 160/100 mmHg 

  Fig. 7.1    Interaction of  microalbuminuria   with other factors that affect atherosclerosis develop-
ment.  NO  nitric oxide,  AGEs  advanced glycation end products,  TC  triglycerides,  LDL  low density 
lipoproteins       
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should be started on medications initially. It is important to note that lifestyle 
changes  must  accompany all pharmacotherapy. 

 Several BP measurements performed according to accepted procedural guide-
lines are necessary for the diagnosis of hypertension. The initial assessment should 
include focused medical history, particularly personal and family history of hyper-
tension and antihypertensive medication use. Additionally, the presence of risk fac-
tors for CVD or overt CVD/target organ damage is evaluated by clinical history, 
physical examination as well as limited laboratory evaluation. Secondary forms of 
hypertension need to be excluded, with special attention to rule out commonly 
acquired causes of  BP elevation   such as sleep disorders, including, but not limited 
to, sleep apnea, and drug-induced hypertension. More recently in a draft statement, 
the  United States Preventive Task Force (USPTF)   recommends that 24-h  ambula-
tory blood pressure monitoring (ABPM)   be performed to confi rm high blood pres-
sure before the diagnosis of hypertension. This has not yet been formally published 
by the USPTF, but will likely follow the lead of 2011 published NICE guidelines 
that contained a similar recommendation [ 47 ]. Of note, ABPM is a better predict of 
mortality than offi ce/clinic BP measurement [ 48 ].  

    Guideline Treatment Goals 

 Current guidelines highlight that a patient’s overall cardiovascular risk is the basis 
for deciding treatment goals and when to initiate pharmacotherapy. However, there 
are differences among guideline writing groups with respect to which patient groups 
warrant more aggressive treatment goals. 

 For patients less than 60 years of age, the 2014 Expert Panel of the National 
Institutes of Health recommends starting pharmacotherapy if lifestyle intervention 
fails for stage 1 hypertension, with a goal blood pressure of <140/90 mmHg, but 
<150/90 mmHg for patients greater than 60 years of age. Aside from the more 
lenient BP goals in older individuals, the most signifi cant change in current BP 
guidelines presented by this panel is the elimination of lower BP targets in patients 

   Table 7.2     Goal blood pressure by Guideline Committees   (all expressed in mmHg)   

 Year of 
publication 

 <60 yo no 
additional 
risk factors 

 60–79 yo no 
additional 
risk factors 

 >80 yo no 
additional 
risk factors 

 DM (any 
age) 

 CKD (any 
age) 

 014 Expert 
Panel (JNC 8) 
[ 38 ] 

 2014  <140/90   <150/90  a   <150/90  <140/90  <140/90 

 ESH-ESC [ 39 ]  2013  <140/90  <140/90  <150/90  <140/90  <140/90 
 ISH/ASH [ 40 ]  2014  <140/90  <140/90  <150/90  <140/90  <140/90 
 BHS/NICE 
[ 41 ] 

 2011  <140/90  <140/90  <150/90  <140/90  <140/90 

   DM  diabetes mellitus,  CKD  chronic kidney disease,  YO  years old 
  a If treatment leads to a blood pressure <140/<90 and is well tolerated, then treatment does not need 
to be adjusted  
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with DM or CKD. Previously both patient  populations   had a treatment goal of 
≤130/80 mmHg; however, given the paucity of evidence for these lower targets, 
recommendations were revised. They now align with goals in patients less than 60 
years of age and are <140/90 mmHg [ 42 ]. 

 Consensus from the AHA, ACC, and ASH is seen in recently released guidelines 
for individuals with CAD [ 49 ]. This updates recommendations made in 2007 by the 
AHA, which noted lower goals in patients with established CAD. Current recom-
mendations again suggest that most patients with  CAD   should target a BP of 
<140/90 mmHg, but with the caveat that it may be appropriate to attempt to reach a 
level of 130/80 mmHg in patients with multiple CAD risk equivalents (peripheral 
artery disease, carotid artery disease, abdominal aortic aneurysm), or prior TIA, 
stroke, or MI. There are many modifi able risk factors for stroke prevention and one 
of the most important is  BP control   [ 50 ]. The most recent updated stroke guidelines 
review all risk factors in detail and highlight the following about BP: The committee 
is in agreement with the JNC 7 report, that regular BP screening and appropriate 
treatment, including both lifestyle modifi cation and pharmacological therapy, are 
recommended. Systolic BP should be treated to a goal of <140/90 mmHg because 
these levels are associated with a lower risk of stroke and cardiovascular events 
[ 50 ]. For patients who have had a stroke, the updated guidelines report that initiation 
of BP lowering therapy is indicated, if previously untreated with ischemic stroke or 
TIA who, after the fi rst several days, has an established BP ≥140/90 mmHg. If BP 
is <140/90 mmHg BP therapy is not indicated as the benefi t is uncertain. Resumption 
of BP lowering therapy is indicated for previously treated patients with known 
hypertension for both prevention of recurrent stroke and prevention of other vascu-
lar events in those who have had an ischemic stroke or TIA and are beyond the fi rst 
several days. In general, the goal BP to achieve with BP lowering therapy is 
<140/90 mmHg, however, for those with a recent lacunar stroke, it might be reason-
able to target a systolic BP of <130 mmHg [ 51 ] 

 Historically, there has been concern that a signifi cant lowering of blood pressure, 
especially DBP, could be harmful—the so-called  J-curve hypothesis     . One possible 
reason why a lower DBP could cause harm is that coronary perfusion occurs pri-
marily during diastole. A signifi cantly reduced diastolic pressure may, therefore, 
result in myocardial ischemia. Recent data suggest that in the older people, i.e., 
>65 years of age, those with diabetes, and those with CAD, the reduction of DBP 
<60 mmHg is associated with increased CVD risk [ 52 ,  53 ]. This was accounted for 
in the recent CAD and HTN guidelines and keeping DBP >60 mmHg is a Class IIA, 
Level of evidence C recommendation in these most recent CAD and hypertension 
guidelines. Note that low diastolic pressures below 60 mmHg are also associated 
with a higher risk for ESRD and mortality in CKD patients [ 54 ]. 

 Overall, the preponderance of prospective randomized clinical trial data supports 
that BPs <140/90 mmHg reduces cardiovascular events. Levels below that threshold 
do not clearly improve overall cardiovascular outcomes and this drove the signifi -
cant guidelines changes. The prior lower blood pressure goal recommendations or 
targets were not based on data from randomized prospective trials since few studies 
actually attained a mean BP of <130/80 mmHg (Fig.  7.2 ). Among ten major trials, 
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the mean SBP ranged from 132 to 151 mmHg [ 55 – 64 ] (Fig.  7.2 )   . As a result, much 
of the data to previously support the goal of <130/80 mmHg came from epidemio-
logic studies and post hoc analyses of randomized clinical trials.

   In patients with diabetes, the Action to Control Cardiovascular Risk in Diabetes 
blood pressure trial ( ACCORD)      was designed to answer the question of whether a 
lower level of blood pressure is needed to reduce cardiovascular risk [ 65 ]. Its fi nd-
ings were a clear driver of the more lenient BP goals in a high-risk patient popula-
tion. Published in 2010, this randomized study of 4733 subjects with type 2 DM and 
baseline BP of 139/76 mmHg, targeted SBP of <120 mmHg in the intensive control 
group and <140 mmHg in the standard therapy group. The primary end-point was a 
composite of nonfatal MI, nonfatal stroke, or death from cardiovascular causes with 
mean follow-up of 4.7 years. Both groups achieved the desired BP (119 and 
133 mmHg, respectively). There was no signifi cant difference in the annual rate of 
the primary end-point and no difference in all-cause mortality. The lower BP goal 
was associated with signifi cant reductions in total and nonfatal strokes, however 
signifi cantly more serious events occurred in the intensive therapy group. 

 A more recent meta-analysis [ 66 ] of 40 trials (including more than 100,000 
participants) demonstrated similar fi ndings to ACCORD, i.e., the vast majority 
of adverse cardiovascular outcomes were not signifi cantly different when com-
paring an achieved BP of 130 and 140 mmHg. However, the incidence of stroke 
was signifi cantly different in patients with a goal of <130 mmHg. This clearly 
begs the question of what to make of the attenuated stroke risk at lower BPs as 
seen in ACCORD. 

  Fig. 7.2    Relationship between  cardiovascular risk and blood pressure achieved         
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 This is not a new fi nding, it is also seen in ADVANCE [ 67 ], INVEST [ 68 ], and 
the Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint 
Trial (ONTARGET) [ 67 ]. INVEST and ONTARGET were both large international 
clinical trials of blood pressure lowering therapies of greater than 20,000 patients, 
with diabetes comprising 37 % and 28 % of the study subjects, respectively. 
Moreover, 100 % of the INVEST cohort had documented CAD. Both demonstrated 
a systolic below 130 mmHg is associated with stroke reduction but no other CV risk 
benefi t below that level of BP. This was also observed in the ACCOMPLISH trial of 
over 11,000 mostly older people, mean age of 68 year and over 65 % with diabetes 
[ 69 ]. In  ACCORD   it is important to take note that the risk of serious  adverse events   
(defi ned as hypotension, syncope, arrhythmia, hyperkalemia, angioedema, and 
renal failure) was associated with more aggressive BP control (3.3 % intensive vs. 
1.3 % in the standard arm.). When coupled with the small absolute benefi t in stroke 
reduction (1 in 89 patients at 5 years) the fi nding did not compel recent guidelines 
to recommend a lower BP goal. However, the new systematic analysis [ 66 ] supports 
that is reasonable in younger patients with prior ischemic stroke or early microvas-
cular complications to consider a SBP of <130 mmHg if lower BPs are well toler-
ated with minimal side effects. Figure  7.3  provides a management  algorithm   for 
hypertension in diabetics.

Add one of the other agents noted above

If Blood Pressure >140/90 mm Hg in Diabetes (eGFR ≥ 50 ml/min∧)

Add CCB or, thiazide like diuretic

Add spironolactone 25-50 mg/day

(if systolic BP ≥ 20 mmHg above goal)
START with ACEI or ARB + thiazide-like diuretic* or CCB

Recheck within 2-3 weeks

If BP Still Not at Goal (<130/80 mm Hg)

If BP Still Not at Goal (<130/80 mm Hg)

If BP Still Not at Goal (<130/80 mm Hg)

If BP Still Not at Goal (<140/90 mm Hg)

Recheck within 2-3 weeks

Recheck within 2-3 weeks

Recheck within 2-3 weeks

Add Other Subgroup of CCB (i.e., start verapamil or diltiazem)
OR add alpha blocker and titrate upwards or add minoxidil 2.5 mg twice daily

Refer to a Clinical Hypertension Specialist*
http://www.ash-us.org/HTN-Specialist/HTN-Specialists-Directory.aspx

(if systolic BP<20 mmHg above goal)
Start ARB, ACE Inhibitor, CCB or thiazide-like diuretic

and titrate

  Fig. 7.3    Management algorithm for hypertension in  diabetics  .  Asterisk  Chlorthalidone or indap-
amide; # represents a physician who qualifi ed and passed the hypertension certifi cation 
examination       
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   For kidney disease outcomes, all trials that randomized to different blood pressure 
levels failed to show an additional risk reduction of the lower blood pressure goal in 
relation to slowing the progression of kidney disease [ 70 ]. In patients with CKD, the 
most recent 2014 guidelines and position statements recommend starting with an 
inhibitor of the  renin-angiotensin system  . Prior guidelines have suggested that the 
second medication added for BP control should be a  calcium channel blocker (CCB)  , 
based on outcomes of the  Avoiding Cardiovascular Events through Combination 
Therapy in Patients Living with Systolic Hypertension (ACCOMPLISH)   trial [ 71 ], 
however more recent data suggests addition of a diuretic or CCB as a second agent 
is appropriate. An exception is advanced proteinuric kidney disease, i.e., eGFR 
<40 mL/min with >1 g/day proteinuria [ 72 ].  

    Pharmacological Therapy 

 Multiple relatively recent trials have compared the traditional diuretic- or beta- 
blocker- based treatment strategies to those based on ACE inhibitors (ACEI), CCB, 
or angiotensin receptor blockers (ARB). In general, all major groups of antihyper-
tensive agents have similar capacity to lower BP. A meta-analysis of 29 clinical 
trials that encompass 162,341 participants by the Blood Pressure Lowering 
Treatment Trialist’s Collaboration group supports the concept that all agents that 
lower BP will reduce CVD risk [ 73 ]. However, some differences in the specifi c 
outcomes such as strokes (favoring diuretics and CCBs) and coronary events (favor-
ing ACEIs and beta-blockers) exist between certain  groups   (Fig.  7.4 ). One must 
keep in mind that most of the trials included in the meta-analysis were secondary 
prevention studies.

   Regardless of the choice of medication, most patients (>70 %) will eventually 
require more than one medication to achieve adequate BP control. For those who 
are greater than 20/10 mmHg above their treatment goal, i.e., stage 2 hypertension, 
all major guidelines recommend initiating two-drug therapy. 

  Diuretic therapy  , in the form of thiazide diuretics, is no longer the main fi rst-line 
agent for uncomplicated primary hypertension, as it was in JNC 7. Guidelines now 
suggest decreasing the blood pressure to <140/90 mmHg using either CCB, block-
ers of the renin–angiotensin system, or diuretics. Beta-blockers are not fi rst-line 
therapy in most patients according to the 2014 Expert Panel of the National Institutes 
of Health and other recent guidelines. Although  beta-blockers   are well-established 
therapy for patients who also have ischemic heart disease, heart failure, and arrhyth-
mias, recent data suggest that they play a more limited role in other patients. For 
example, in the LIFE study the ARB losartan was more effective than the beta- 
blocker atenolol in CV protection (particularly stroke) in hypertensive patients with 
electrocardiographic left ventricular hypertrophy [ 59 ]. Furthermore, in the ASCOT 
study hypertensive subjects randomized to  amlodipine   (and if needed perindopril) 
had fewer CV events than those randomized to atenolol (and if needed bendrofl ua-
zide), although the difference in CV protection in the ASCOT study is largely attributed 
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to the greater BP reduction in the amlodipine group [ 60 ]. A meta-analysis of out-
come studies of beta-blocker-based therapy (almost exclusively atenolol) in hyper-
tension demonstrates limited stroke protection compared to that achieved by other 
drugs [ 74 ]. 

 Because of these data and consistent evidence showing increased risk of new 
onset diabetes with beta-blockers, particularly when combined with diuretics [ 59 , 
 60 ,  75 – 78 ], beta-blockers should not be fi rst-line therapy in the majority of patients. 
The impact of various agents on  glycemic control   has also gained increasing atten-
tion. Multiple trials demonstrate that beta-blockers (primarily atenolol) and thiazide 
diuretics lead to both a worsening of glycemic control among diabetic patients and 
an increased incidence of new-onset diabetes with impaired fasting glucose [ 76 ,  77 , 
 79 – 81 ]. However, retrospective analysis of outcome trials does not support the 
assertion that increases in diabetes translate into a higher CV event rate [ 81 ,  82 ]. 
This may relate to improvement in blood pressure, providing relatively greater CVD 
risk reduction trumping the risk associated with metabolic derangement. In addi-
tion, the risk of diabetes is not decreased when a thiazide is combined with an ACEI 
or ARB in obese patients with impaired fasting glucose [ 78 ]. Given that the primary 

  Fig. 7.4     Blood pressure-lowering regimens   based on different drug classes for the outcome total 
major cardiovascular events and age groups <65 vs. ≥65. Negative blood pressure values indicate 
lower mean follow-up blood pressure in fi rst-listed than in second-listed groups. (From Blood 
Pressure Lowering Treatment Trialists C, Turnbull F, Neal B, Ninomiya T, Algert C, Arima H, 
et al. Effects of different regimens to lower blood pressure on major cardiovascular events in older 
and younger adults: meta-analysis of randomised trials. BMJ. 2008;336(7653):1121, with 
permission)       
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determinant of CV risk reduction is the lowering of blood pressure and not the class 
of medication [ 73 ], one would ideally use medicines that do not worsen preexisting 
metabolic conditions. Exceptions to this rule are newer beta-blockers such as 
 carvedilol  , which also has alpha-adrenergic blocking properties, and nebivolol, 
which vasodilates by potentiating nitric oxide. Both agents have a neutral effect on 
glycemic control and enhance insulin sensitivity [ 83 ,  84 ]. 

 With respect to two-drug therapy, newer data from outcome trials, such as the 
ACCOMPLISH, support earlier use of calcium antagonists in concert with RAS 
blockers. In the  ACCOMPLISH trial  , patients who were at high risk for CV events 
were randomized to benazepril plus amlodipine or hydrochlorothiazide (HCTZ) 
[ 71 ]. Despite comparable BPs (131.6/73.3 with amlodipine vs. 132.5/74.4 with 
HCTZ), the patients randomized to amlodipine experienced a 19.6 % reduction in 
CV events. Moreover, these similar levels of BP were borne out in a sub-study using 
ABPM in over 800 of the 11,506 participants. This cohort demonstrated slightly 
lower blood pressure in the diuretic combination group, with a CVD benefi t still 
observed in the CCB-based therapy group. ACCOMPLISH highlights the benefi t of 
fi xed combination medicines for effective blood pressure management and risk 
reduction, and suggests that amlodipine should be considered as a fi rst-line agent. 

 A second study examining fi xed combination medications at a much earlier state 
of diabetes is the ADVANCE trial, which added  perindopril/indapamide vs. placebo   
to patients with diabetes and a usual regimen, regardless of baseline blood pressure 
[ 85 ]. Those patients randomized to perindopril/indapamide experienced an 18 % 
reduction in death from cardiovascular cause, regardless of initial blood pressure. 

 The  ONTARGET   study addressed use of two renin–angiotensin system blockers 
[ 67 ]. Patients at high risk for CV events were randomized to either telmisartan, 
ramipril, or both. Telmisartan was found to be noninferior to ramipril in the preven-
tion of CV events and has an FDA indication to be the ARB of choice in ACE 
inhibitor intolerant patients. Despite a superior decrease in blood pressure, the com-
bination of both an ACEI and an ARB increased the risk of renal complications and 
hypotension, without any benefi t in CVD outcome. Although there is data to sug-
gest that the combination of an ACEI/ARB may be more effective in reducing death 
or hospitalization in patients with heart failure [ 86 ], ONTARGET suggests that 
there is no indication for this combination in patients with preserved ventricular 
function.  

    Consensus or Confusion? 

 The recent release of guidelines from various writing groups clarifi es certain aspects 
of hypertension management among clinicians, but also confuses others. The most 
signifi cant clarifi cation is the elimination of lower BP goals in patients with  CKD 
and DM  . Prior recommendations were based on a low level of evidence and recent 
trials infl uenced this change. The most important trials contributing evidence to 
address this question are discussed earlier and include ACCORD trial for patients 
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with DM. Also, encouraging was the consensus reached by the AHA, ACC, and 
ASH with respect to the same BP treatment goals in patients with CAD [ 49 ]. 

 The streamlining or alignment of  BP treatment goals   to less than 140/90 mmHg 
clearly makes application easier for clinicians in a primary care setting, especially 
given the increasing complexity of patients with multiple comorbid conditions and 
the changing reimbursement structure directed toward performance-based incen-
tives. Yet, the general application of this BP goal to patients with hypertension that 
are between 60 and 80 years of age, with none of the above comorbidities, remains 
unclear. 

 By far the most controversial inclusion from the 2014 Expert Panel of the 
National Institutes of Health is new BP goal leniency in patients greater than 60 
years of age (<150/90 mmHg) without DM or CKD. In fact, it was so controversial 
that, within a month after guideline publication, a subset of the Expert Panel authors 
wrote a widely read article objecting to this BP leniency and recommending a goal 
of <140/90 mmHg in persons 60–80 years of age [ 87 ]. The rationale behind the 
“majority opinion”    of the 2014 Expert Panel was a lack of defi nitive randomized 
control trial evidence to determine the optimal SBP. However, the “minority opin-
ion” authors suggest that, although there is no defi nitive evidence in the form of 
RCTs differing between 140 and 150 mmHg in patients between 60 and 80 years of 
age, that the burden of evidence for increasing a BP target should be at least as 
strong as the evidence required to decrease recommended targets. Concurrently, 
their statement echoed the above sentiment that similar targets amongst the majority 
of patients would simplify implementation for clinicians. Guidelines from other 
major societies such as ASH/ISH and ESC agree with the “minority opinion” 
authors and recommend more stringent BP control in all patients between the ages 
of 60 and 80 years of age. 

 There is general consensus among guideline writing groups that more lenient 
goals are applicable in patients greater than 80 years of age. Driving this recom-
mendation is the Hypertension in the Very Elderly Trial ( HYVET)     , which 
addressed BP management in a vastly underrepresented group in clinical trials 
[ 88 ]. Older patients have the highest prevalence of hypertension and experience 
a large proportion of CV events secondary to hypertension. However, patients 
older than 80 years are underrepresented in clinical trials, and as such the bene-
fi ts of treatment were unclear. In HYVET, patients over 80 years were random-
ized to indapamide, plus perindopril if needed, or placebo, for a SBP goal of 
150 mmHg. Active treatment was associated with a 30 % reduction in stroke, 
21 % reduction in death from any cause, and a 23 % reduction in death from car-
diovascular cause. HYVET suggests that older patients do gain signifi cant ben-
efi t from treatment of their hypertension, albeit with slightly less aggressive 
treatment goals (target BP 150/80 mmHg). 

 As a fi nal note, guidelines are not meant to be the “holy grail” of management 
but merely an intellectual attempt at critical review of data from clinical trials. Their 
goal is to provide recommendations that can help clinicians understand how to 
properly apply the available data to individual patients.     
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Ischemic Stroke                     
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       Elevation in blood pressure (BP) is common with an acute ischemic stroke; however, the 
acute management of the BP is a major unresolved issue. While there are clear benefi ts 
for BP reduction in the long-term for secondary stroke prevention, controversy exists in 
the period immediately following ischemic stroke. The main concern for the acute low-
ering of BP is the risk of worsening cerebral ischemia due to cerebral hypoperfusion 
surrounding the infarct core. Allowing the BP to be permissively elevated however may 
lead to an increase in the risk of hemorrhagic conversion and systemic complications. 
This chapter will review the current evidence that addresses the management of BP in 
the setting of acute ischemic stroke and how this affects neurological outcome. 

    Hypertension with  Acute Ischemic Stroke   

    Incidence and Natural History 

 Many patients with acute ischemic stroke will present to the emergency department 
with BP elevation; however, it is unclear whether this represents a compensation for 
 cerebral hypoperfusion   or is related to systemic causes [ 1 ,  2 ]. Several studies have 
helped elucidate the natural history of BP changes following acute ischemic stroke. 
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 The incidence of an elevated BP has been reported to be 76.5 % in a large 
 retrospective analysis of 276,734 patients presenting to the emergency room with 
acute ischemic stroke [ 3 ]. This is further supported by two large multicenter acute 
ischemic stroke trials, the  Chinese Acute Stroke Trial (CAST)      with 21,106 
patients and the  International Stroke Trial (IST)   with 19,435 patients, that reported 
a systolic blood pressure (SBP) > 140 mmHg in 75 % and 80 % of patients, respec-
tively. Furthermore, severe BP elevation, as defi ned as SBP > 180 mmHg, was 
reported in 25 % of patients in CAST and 28 % of patients in IST [ 4 ,  5 ]. 

 Commonly this elevation in BP however is followed by a reduction over the next 
several days [ 1 ,  2 ,  6 ,  7 ]. A large stroke registry found that an early decrease of SBP 
by 20–30 % was associated with a complete neurological recovery [ 8 ]. Furthermore, 
an early decrease in SBP after acute ischemic stroke has been associated  with   recan-
alization of the affected vessel [ 9 ].  

    Effect of Hypertension on Outcome After Acute Ischemic Stroke 

 The optimal target for BP after acute ischemic stroke remains unclear, as several studies 
have demonstrated a U-shaped correlation between BP and poor outcome. Either an 
elevated or very low BP on admission has been associated with worse outcome. 

 A large observational study demonstrated early as well as late mortality in a 
U-shaped distribution in relation to the admission  SBP  . The relative risk of mortal-
ity at 1 month and 1 year increased with every 10 mmHg change in SBP above or 
below 130 mmHg [ 10 ].  Data   from IST demonstrated that both high BP and low BP 
were independent prognostic indicators for poor outcome. A baseline SBP of 140–
179 mmHg resulted in the lowest frequency of poor outcome [ 11 ]. 

 Additional studies have demonstrated associations between elevated or low SBP 
and patient outcomes. One such study found that patients with a SBP less than 
155 mmHg were more likely to die within 90 days compared to patients presenting 
with a SBP between 155 and 220 mmHg [ 12 ]. The Intravenous Nimodipine West 
European Stroke Trial found that a high initial BP, SBP greater than 160 mmHg, was 
a predictor for death or dependency at 21 days compared to patients who had a 
 normal initial BP (SBP 120–160 mmHg and diastolic BP 60–90 mmHg) [ 13 ]. An 
analysis of the VISTA (Virtual Stroke International Stroke Trial Archive)  collaboration 
examined the relationship between hemodynamic measures, variability in BP, and 
change in BP over the fi rst 24 h after acute ischemic stroke. This study demonstrated 
that a persistently elevated SBP for up to 24 h was signifi cantly associated with 
increased neurological impairment and poor functional outcome. Additionally, the 
magnitude of change in BP over this fi rst 24 h was signifi cantly related to poor out-
come in which patients having large decreases (>75 mmHg) or increases (>25 mmHg) 
in BP had the highest risk of poor outcome [ 14 ].  Analysis   of the Fukuoka stroke 
registry demonstrated that a SBP (averaged over fi rst 48 h) range of 144–153 mmHg 
and above was associated with a lower probability of good neurological recovery. 
SBP elevation was also associated with an elevated risk of  neurological deterioration   
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and poor functional outcome [ 15 ]. These studies suggest that hypertension on 
 admission may be a marker of other factors, such as a higher severity of stroke or a 
sign of premorbid hypertension, rather than an independent prognostic sign [ 16 ].  

     Cerebrovascular Pathophysiology   and Ischemic Stroke 

 Under normal physiological conditions, regional cerebral blood fl ow ( CBF  ) is 
tightly regulated through cerebral autoregulation despite variations in regional cere-
bral perfusion pressure (CPP) [ 17 ]. Regional CPP is equal to the local mean arterial 
pressure (MAP) minus local intracranial pressure (ICP). In the absence of local 
arterial occlusion or stenosis or local increased ICP, regional CPP is equal to sys-
temic  MAP  . The cerebral vasculature will either constrict or dilate maintaining 
stable CBF within a mean regional CPP range of 50–150 mmHg [ 18 ,  19 ]. When the 
regional CPP falls below the lower limit of  autoregulation  , regional CBF is reduced 
resulting in cerebral ischemia. Conversely, when the regional CPP increases above 
the upper-limit of autoregulation regional CBF is increased, which can lead to cere-
bral edema or hemorrhage. The autoregulation of CBF can be affected by chronic 
systemic hypertension with a resultant shift to the right in the autoregulatory curve. 
This shift may lead to cerebral hypoperfusion even when the  MAP      is within the 
normal physiologic range of 50–150 mmHg, but below the lower limit for the right- 
shifted curve. Prior to the advent of modern tomographic brain imaging modalities 
such as CT, PET, and MRI, CBF studies in humans using the technique of radio-
tracer injection into the carotid artery with radioactivity detection by scintillation 
crystals on the scalp showed abnormalities during the initial days following isch-
emic stroke. These abnormalities included non-focal hemispheric decreases in CBF 
in response to rapid reductions in MAP; however, it was not possible to determine 
whether these changes were in infarcted tissue, the peri-infarct region, or 
 non- ischemic tissue [ 20 – 22 ]. These studies led to the widespread view that auto-
regulation of CBF in response to changes in systemic blood pressure is impaired in 
acute ischemic stroke. More recent data using  tomographic   imaging techniques for 
CBF measurement that have better spatial resolution have produced different results 
from the earlier studies. In the three studies that used intravenous agents to produce 
rapid reduction then stabilization of BP, there was no selective impairment of auto-
regulation in the peri-infarct region to reduced  MAP   in patients studied within 6 h 
or 1–11 days after onset of stroke [ 23 – 25 ]. Two additional studies using oral agents 
to produce blood pressure reduction over 6–8 h  also   failed to demonstrate impaired 
autoregulation in patients 2–8 days from onset of stroke. These studies did not 
address patients with large edematous infarcts causing increases in ICP or those 
with persistent large  artery   occlusion causing local reduction in  MAP  . In these situ-
ations, when local CPP is lower than systemic MAP, a reduction in systemic MAP 
within the 50–150 mmHg range could cause a reduction in local CPP below the 
 autoregulatory   limit with a consequent reduction in CBF even though the autoregu-
latory capacity of the cerebral blood vessels is normal.   
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    Acute Management of Blood Pressure After Ischemic  Stroke   

    Controversy 

 While the long-term treatment of hypertension clearly reduces the risk of recurrent 
stroke, controversy exists as to the management of BP elevation in the setting of acute 
ischemic stroke. An elevated BP may increase the risk of secondary complications of 
stroke such as hemorrhagic transformation and cerebral edema [ 26 ,  27 ]. Additionally, 
if the blood pressure is aggressively lowered then cerebral perfusion may decrease to a 
level that leads to further cerebral ischemia [ 19 ]. Several large prospective trials have 
been completed within the past several years aimed at addressing these questions.  

    Effect on Neurological or Functional Outcome 

 In 2008, a Cochrane review assessed the effect of altering BP in patients with acute 
ischemic stroke. Twelve small randomized studies, including a total of 1153 patients, 
were included in the review; however, the authors felt that there was insuffi cient 
evidence to determine an effect of lowering BP on clinical outcomes [ 28 ]. Since that 
publication however, several large prospective trials have been completed providing 
more defi nitive data (Table  8.1 ).

   Controlling hypertension and hypotension immediately post-stroke ( CHHIPS        ) 
was a randomized, placebo-controlled, double-blind trial  that   compared labetalol, 
lisinopril, and placebo for lowering BP in 179 patients with either acute ischemic or 
hemorrhagic stroke and a SBP greater than 160 mmHg. While BP was reduced by 
21 mmHg in the active treatment and 11 mmHg in the placebo group, there was no 
signifi cant difference in primary outcome of death or dependency at 2 weeks. While 
there was no difference in serious adverse events between the groups, the 3 month 
mortality was from 20.3 to 9.7 % in the treatment group (nominal  p  = 0.05, uncor-
rected for multiple comparisons) [ 29 ]. 

 Angiotensin-receptor blocker candesartan for treatment of acute stroke ( SCAST     ) 
was another randomized, placebo-controlled, double-blind trial conducted to 
 determine if BP reduction with candesartan after acute ischemic or hemorrhagic 
stroke was benefi cial. This trial included 2029 patients with acute stroke, 85 % of 
which were ischemic stroke, randomized to receive either candesartan or placebo for 
7 days. Only a minimal SBP lowering effect was observed in the treatment arm, 
5 mmHg lower in the candesartan group at day 7 compared to the placebo group. The 
trial did not demonstrate any signifi cant difference in death, myocardial infarction, or 
recurrent stroke at 6 months between the groups while there was a slightly increased 
risk of poor functional outcome observed in the candesartan group at 6 months [ 30 ]. 

 Recently, He and colleagues evaluated the impact of moderate BP reduction 
within 48 h of acute ischemic stroke onset on death and major disability at 14 days 
or hospital discharge in The Chinese Antihypertensive Trial in Acute Ischemic 
Stroke (CATIS) trial. CATIS randomized 4061 patients to receive either 
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 antihypertensive agents with a goal to lower SBP by 10–25 % within 24 h and a BP 
less than 140/90 mmHg within 7 days versus stopping all antihypertensive medica-
tions on admission. The primary endpoint was mortality and major disability at 14 
days or at hospital discharge. While there was a signifi cant reduction in BP in the 
intervention group of approximately 9 mmHg systolic from day 1–14, there was no 
difference in death or major disability at 2 weeks or 3 months [ 31 ]. 

 Debate also exists whether to continue or stop  antihypertensive medications   that 
patients were receiving prior to admission with an acute ischemic stroke. The 
Continue Or Stop post-Stroke Antihypertensives Collaborative Study (COSSACS) 
assessed the effi cacy and safety of continuing or stopping preexisting antihyperten-
sive medications  in   patients who had an acute stroke. Patients were randomized to 
continue ( n  = 379; 67 % ischemic stroke) or stop ( n  = 384; 58 % ischemic stroke) 
their preexisting antihypertensive medications within 48 h of onset. The BP in the 
continue medication group was signifi cantly lower at 2 weeks by 13/8 mmHg; 
however there was no difference in the primary outcome of death of dependency at 
2 weeks. This trial provides data that indicates that continuing prior antihyperten-
sive medications is safe; however, the results of this study should be taken with 
caution since the trial was underpowered due to the early termination of the trial 
and furthermore, patients with dysphagia were excluded, resulting in enrollment of 
a majority of patients with mild strokes (median NIHSS of 4) [ 32 ]. 

 The Effi cacy of  Nitric      Oxide in Stroke ( ENOS  ) trial randomized patients with 
acute stroke, approximately 85 % ischemic and 15 % hemorrhagic, and elevated 
SBP to  transdermal glyceryl trinitrate   or no glyceryl trinitrate within 48 h of stroke 
onset. Also, a subset of patients taking antihypertensive medications prior to their 
stroke was also randomly assigned to stop or continue taking those previously pre-
scribed medications. The primary outcome of this study was functional outcome as 
assessed via the modifi ed Rankin Scale at 90 days. While there was a signifi cant 
reduction in BP at 24 h in those receiving glyceryl trinitrate as well as those assigned 
to continue their previously prescribed antihypertensive agents, there was no differ-
ence in functional outcome in either group. However, patients that continued their 
prescribed antihypertensive medications were more likely to have died in the hospi-
tal or been discharged to an institution, and be dead or disabled by day 90 compared 
to those that stopped taking their antihypertensive medications on admission. 
Furthermore, those that continued their medications had lower cognition scores at 
follow-up as well as an increase in the risk for the development of pneumonia [ 33 ]. 

  Valsartan Effi cacy   on Modest Blood Pressure Reduction in Acute Ischemic 
Stroke (VENTURE) was a randomized, open-label, blinded-end-point trial that 
assigned 393 subjects with acute ischemic stroke and elevated BP to either valsartan 
or no treatment for BP. The primary outcome was death or dependency at 90 days. 
Additionally, early neurological deterioration within 7 days and 90-day major vas-
cular events were assessed. While the SBP did not differ between the two groups, 
the diastolic BP (DBP) was signifi cantly lower during 7 days by approximately 
2 mmHg in  the   treatment arm. The valsartan group did not have a reduced risk of 
death or dependency nor a reduction in major vascular events at 90 days, however 
there was a signifi cantly increased risk of early neurological decline [ 34 ]. 
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 Based on the limited treatment data and the natural history of BP after 
 ischemic stroke, we continue antihypertensive medications after admission either 
by mouth or by  nasogastric tube  . We often initially decrease the dose of a single 
medication or reduce the number of medications to guard against rapid drops in 
BP in the event of outpatient noncompliance. After 3 or 4 days we will begin to 
add medications back. For the patient with newly diagnosed hypertension or with 
previously known but untreated hypertension, we begin a single antihypertensive 
medication after 3–4 days following the Joint National Committee 8 guidelines 
[ 35 ]. Our practice is to avoid the use of intravenous antihypertensive medications 
for BP control unless there is a clear indication for rapid blood reduction, such as 
heart failure or myocardial ischemia. After discharge close follow-up is impera-
tive to ensure the adequate long-term treatment of hypertension for secondary 
stroke prevention.  

    Blood Pressure Management in  Patients   Eligible 
for Thrombolytic Therapy 

 While the management of BP elevation in patients with acute ischemic stroke has 
been debated, BP lowering for patients with a BP > 185/110 mmHg is recommended 
for patients eligible for thrombolytic therapy. 

 A pilot study evaluating factors associated with intracerebral hemorrhage ( ICH        ) 
following the use of thrombolytic therapy found that an increased risk of ICH was 
associated with elevated DBP [ 36 ]. Therefore, in the National Institute of 
Neurological Disorders and Stroke study, a strict BP of <185/110 mmHg was 
required for enrollment into the study and tight BP control was maintained for 24 h 
with a BP goal of <180/105 mmHg [ 37 ]. 

 While subsequent observational  studies   evaluating the association of elevated 
BP and ICH formation have been variable [ 38 ], a study examining associations 
between protocol violations and outcomes in community-based recombinant 
tissue plasminogen activator (rt-PA) use found that when the NINDS protocol is 
strictly followed,    hemorrhage rates are similar to those in the  NINDS   trial [ 39 ]. 
Additionally, results from the Safe Implementation of Thrombolysis in Stroke 
(SITS) registry demonstrated that an increased SBP 2–24 h after thrombolytic 
therapy was associated with worse outcome (symptomatic hemorrhage, mortal-
ity, functional dependence) at 3 months. The best outcomes were observed in 
patients with SBP values between 141 and 150 mmHg up to 24 h post- thrombol-
ysis   [ 40 ]. 

 It is also important to note that thrombolytic therapy may be associated with 
improvement in systolic BP following successful recanalization. Mattle and col-
leagues reported that patients who underwent intra-arterial thrombolysis and had 
unsuccessful vessel  recanalization   had higher and sustained elevations in SBP 
compared to those patients with successful recanalization [ 9 ].  
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    Guidelines for  BP Management   in Acute Ischemic Stroke 

 The current American Heart Association (AHA) and American Stroke Association 
(ASA) Guidelines recommend a cautious approach to lowering of BP after  acute   
ischemic stroke. For those patients that receive thrombolysis, the BP should be 
reduced to less than 185/110 mmHg prior to initiation of treatment and should be 
maintained at less than 180/105 mmHg for 24 h after treatment. The use of intrave-
nous labetalol and nicardipine are recommended as the fi rst line agents although 
there is limited data to support this recommendation. For patients not receiving 
thrombolysis the guidelines recommend withholding medications unless the SBP is 
greater than 220 mmHg or DBP is greater than 120 mmHg. This recommendation 
is a consensus opinion however and not based on randomized studies [ 26 ]. 

 The European Stroke Organization recommend similar guidelines for those 
treated with thrombolysis. For other patients, they do not recommend routine lower-
ing of BP unless above 220/120 mmHg on repeated measurements, or if there  is 
  evidence of severe end-organ dysfunction [ 41 ]. The 2013 European Society of 
Hypertension/European Society of Cardiology Guidelines for the management of 
arterial hypertension recommend against BP lowering therapy in the fi rst week after 
acute stroke “irrespective of BP level, although clinical judgment should be used in 
the face of very high SBP values” [ 42 ].   

    Choice of  Antihypertensive Agents   in Acute Ischemic Stroke 

 When BP  reduction   is required there are limited data that demonstrate the optimal 
antihypertensive for use in the setting of acute ischemic stroke. No large prospective 
comparison studies have been performed to date; however there are a few small retro-
spective and prospective studies evaluating effi cacy and tolerability. Two comparative 
studies evaluated the therapeutic response and tolerability of labetalol and nicardipine 
following acute stroke [ 43 ,  44 ]. Both of these trials evaluated patients according to 
AHA and ASA guidelines regarding BP treatment after acute ischemic or hemorrhagic 
stroke and assessed patients for the fi rst 24 h. The fi rst study was a retrospective and 
non-randomized study that assessed BP reduction and BP variability between labetalol 
and nicardipine. Patients whom received nicardipine were more likely to achieve their 
BP goal at 1 h than patients whom received labetalol. Furthermore, patients treated 
with nicardipine required fewer dosage adjustments or need for rescue therapy with 
additional antihypertensive medications than those who received labetalol. 

 A follow-up  study   prospectively enrolled 54 acute ischemic or hemorrhagic stroke 
patients with elevated BP. The patients received either labetalol or nicardipine during the 
fi rst 24 h after admission. Patients treated with nicardipine achieved a higher rate of 
meeting the goal BP within 60 min of drug initiation, had better maintenance of BP, and 
a  greater   percentage of time spent within the goal BP range. None of the patients ran-
domized to nicardipine required rescue medication while 72.7 % of those randomized to 
labetalol required an additional agent to achieve BP goals [ 44 ]. Table  8.2  summarizes 
the preferred antihypertensive agents for use in the treatment of acute ischemic stroke-
related hypertension.
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       Conclusions 

 Blood pressure elevation after acute ischemic stroke is common and the 
 management of this BP elevation is dependent on the clinical context. For patients 
that are candidates for thrombolysis, reduction and maintenance of the BP within 
the current guidelines is indicated as it likely reduces the risk of hemorrhagic 
complications. For all other patients, there is no clear benefi t and potentially 
harm for acute blood pressure reduction.     
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       Hypertension affects approximately a third of US adults. From 2007 to 2010, an 
estimated 78 million people greater than 20 years old were affected. Up to 6 % of 
US adults have undiagnosed hypertension [ 1 ]. This population is at risk of develop-
ing myocardial infarction, stroke, renal injury, congestive heart failure, peripheral 
vascular disease, and hypertensive emergencies [ 2 ]. 

 Chronic uncontrolled blood pressure (BP) can have devastating acute neurologic 
complications. According to the National Health and Nutrition Evaluation Survey 
(NHANES) 2007–2010 report, just over half of patients with previously diagnosed 
hypertension were under control [ 3 ]. Uncontrolled hypertension is a major risk 
 factor for developing stroke and present in 72 % of stroke patients [ 1 ]. End-organ 
dysfunction including the brain, kidneys, and heart can result from abrupt BP rises 
in undertreated individuals. Hypertensive encephalopathy (HE) is one of the most 
serious conditions acutely affecting the brain. Eclampsia, a related condition associ-
ated with pregnancy-induced hypertension, can have life-threatening consequences 
to both mother and fetus. This chapter will discuss the diagnosis, management, and 
treatment of hypertensive encephalopathy, the posterior reversible encephalopathy 
syndrome (PRES), and eclampsia. 
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     Hypertensive Encephalopathy   

    Historical Overview 

 Several terms have been historically used to describe and classify acute BP elevation. 
The term  malignant hypertension   was fi rst used by Volhard and Farh in 1914 [ 4 ,  5 ] 
after noting that many patients with severe hypertension had fundoscopic changes 
such as retinopathy and papilledema in addition to renal insuffi ciency. They defi ned 
malignant hypertension as an elevated BP with signs of acute end- organ damage [ 5 ]. 
Keith and Wagener subsequently broadened this defi nition by noting that renal dys-
function was not an obligatory requirement for acute hypertensive damage. They 
also used the term “accelerated hypertension” and defi ned it as severe BP elevation 
with retinal hemorrhages and exudates in the absence of papilledema [ 6 ]. 
Oppenheimer and Fishberg coined the term “hypertensive encephalopathy” in 1928 
when they described a 19-year-old student with malignant hypertension associated 
with headache, convulsions, and neurologic defi cits [ 7 ]. 

  Malignant hypertension   and accelerated hypertension are terms that can still be 
found in the medical literature. Hypertensive crisis is a term which includes hyper-
tensive emergencies and urgencies. A hypertensive emergency is characterized by 
an elevation in systolic blood pressure (SBP) >180 mmHg or diastolic blood 
 pressure (DBP) >120 mmHg associated with progressive or impending end-organ 
dysfunction such as HE, intracerebral hemorrhage, unstable angina pectoris, 
 dissecting aortic aneurysm, acute kidney injury, or eclampsia. A hypertensive 
emergency is an acute severe rise in BP without progressive end-organ damage [ 8 ].  

     Epidemiology   

 Chronic hypertension affects approximately 1 billion adults worldwide and it is 
 estimated that by 2025, 1.56 billion will be affected [ 8 ]. One percent of patients with 
chronic hypertension will experience a hypertensive crisis. In the USA, approxi-
mately 20 million emergency department visits annually are related to hypertension. 
Among patients at 114 US hospitals from 2005 to 2007, the incidence of 
SBP > 180 mmHg was 14 %. An independent correlation between mortality and a 
primary neurological reason for initial blood pressure elevation was detected [ 8 ,  9 ]. 

 An Italian study reported that hypertensive crisis represented 25 % of 1634 medi-
cal presentations to the emergency department during 2009. Nearly a fourth had 
end-organ dysfunction of which neurologic defi cits accounted for 21 % [ 10 ]. 
Undiagnosed hypertension and noncompliance with prescribed medications were 
found to be risk factors for presentation. The  Studying the Treatment of Acute 
hyperTension (STAT) Registry      reported younger age, African American race and 
history of hypertension as risk factors for hypertensive crisis [ 11 ]. More than a 
quarter of patients enrolled in the  STAT   Registry were readmitted at least once for 
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acute severe hypertension within 90 days [ 12 ]. A retrospective study of 200 patients 
with malignant hypertension identifi ed during the 1960s–1980s reported  a   2-year 
survival rate of 50–80 % [ 13 ]. More recent studies have reported 5-year survival 
rates of 74 % approaching 70 % at 10 years [ 14 ,  15 ].  

    Clinical 

 HE accounts for nearly 16 % of all hypertensive emergencies. This phenomenon 
occurs when mean arterial pressure (MAP) is beyond the upper limit of  cerebrovas-
cular autoregulation  , resulting in resistance vessel failure [ 16 ]. Neurological signs 
and symptoms occur suddenly [ 17 ]. The most common neurological manifestations 
are headache and visual disturbances. Others include alteration of consciousness, 
nausea, vomiting, seizures, and focal sensorimotor defi cits [ 18 ]. It is the rate of 
increase rather than the absolute BP value that is thought to induce end-organ dys-
function [ 17 ]. 

 The  fundoscopic examination   of individuals with HE frequently, but not always, 
reveals retinal exudates and hemorrhages (Keith-Wagener-Barker grade 3), and 
papilledema (Keith-Wagener-Barker grade 4) [ 19 ]. The presence of grade 3–4 reti-
nopathy is associated with microvascular renal damage [ 20 ]. Even though the 
majority of patients with hypertensive emergency present with symptoms due to 
only one type of end-organ damage, evidence of other organ dysfunction is com-
monly seen [ 21 ]. HE can result in cerebral hemorrhage, coma, and death [ 16 ]. 
However, with proper treatment, it can be reversible [ 21 ].  

     Pathophysiology   

 Although the pathophysiology of HE is not completely understood, the effects of 
elevated BP on cerebrovascular autoregulation have been well studied. Cerebral 
perfusion pressure (CPP) is the difference between MAP and intracranial pressure 
or central venous pressure if the latter is higher [ 22 ]. Autoregulation is the intrinsic 
capacity of the cerebral vasculature to maintain constant cerebral blood fl ow (CBF) 
within a wide range of CPP by altering resistance  in   precapillary arterioles [ 22 ,  23 ]. 

 The cerebrovascular resistance adapts to varying perfusion pressures, in part by 
activating the sympathetic nervous system and activating or suppressing the renin–
angiotensin–aldosterone system (RAAS) [ 24 ]. Local mediators such as nitric oxide 
(NO), a vasodilator released in response to shear stress, and endothelin-1, a 
 vasoconstrictor which activates the RAAS, are released by the endothelium and 
 contribute to the maintenance of CBF [ 25 ]. Under normal conditions, the cerebral 
autoregulatory system maintains a constant CBF in the capillary bed within a MAP of 
60–150 mmHg. If BP increases beyond that limit, the blood brain barrier can be dam-
aged causing cerebral edema [ 16 ]. This limit is higher in chronic hypertensive patients. 
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 During a hypertensive emergency, the endothelium responds to an abrupt BP 
increase by releasing NO. When hypertension is sustained or severe, the endothelial 
vasodilator response becomes overwhelmed, eventually leading to a state of 
increased resistance. Ongoing endothelial damage from persistent hypertension 
leads to production of infl ammatory cytokines and increases endothelin-1. These 
events increase endothelial permeability, inhibit fi brinolysis, and activate coagula-
tion [ 26 ]. An aggrandizement of the RAAS also plays a prominent role in vascular 
injury and tissue ischemia. These changes result in a breakdown of the blood–brain 
barrier, cerebral edema, and microhemorrhages [ 27 ]. 

 Normotensive individuals can develop end-organ damage with an acute increase of 
DBP above as low as 100 mmHg, whereas chronically hypertensive individuals usu-
ally do not develop acute end-organ damage until DBP reaches 130 mmHg [ 16 ,  28 ]. 

 Functional and structural adaptive responses in individuals with chronic 
 hypertension protect the capillary bed from acute rises in BP due to chronic luminal 
narrowing and arterial hypertrophy from sustained smooth muscle contraction and 
increase cerebrovascular resistance [ 24 ,  29 ]. However, the brain is left vulnerable to 
ischemia at low CPP [ 30 ]. 

 The pathophysiology of HE has been debated over the last century, but 
 technological advances continue to provide insightful clues into  its   complicated 
pathogenesis. Acutely, there is cerebral autoregulatory failure at very high pressures 
[ 31 ]. One theory proposes that overregulation or spasm of cerebral vessels in 
response to acutely rising BP leads to decreased CBF, ischemia, intra-arterial 
 thrombosis, and cytotoxic edema [ 32 ]. Another theory proposes a breakthrough 
phenomenon whereby forced vessel dilation leads to hydrostatic edema [ 33 ]. The 
preponderance of recent evidence supports the latter theory [ 34 ]. 

 Insight regarding the pathophysiologic mechanism of HE can be gleaned when 
considering acute treatment. If HE was due to overregulation of the cerebral vascu-
lature leading to ischemia and cytotoxic edema, [ 35 ] acute goal-directed treatment 
would allow for systemic BP increases to maintain CPP and prevent further isch-
emia [ 36 ]. However, treatment of perfusion breakthrough directs acute therapy 
toward a relative reduction of BP rather than permissive hypertension [ 8 ,  33 ].  

    Workup 

 While evaluating patients with HE, in addition to performing a thorough  neurological 
examination, evidence for increased jugular venous pressure, abdominal bruits, 
abnormal peripheral pulses, and pulmonary edema should be sought. Laboratory 
studies should include a complete blood count, metabolic profi le, urinalysis, cardiac 
enzymes, and toxicology studies. Additionally, an electrocardiogram and chest 
radiograph can be useful for detecting cardiac ischemia, left ventricular hypertro-
phy, pulmonary edema, and aortic dissection. Neuroimaging should be performed 
early to evaluate for evidence consistent with HE or alternative causes of neurologi-
cal dysfunction.  
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     Magnetic   Resonance Imaging 

 In cases of HE, brain magnetic resonance imaging ( MRI  ) typically reveals increased 
signal intensity on T2 and fl uid-attenuated inversion recovery (FLAIR) sequences. 
Lesions can be iso- or hypointense on T1-weighted images [ 36 ]. Evidence for 
restricted diffusion is usually absent, supporting  the   perfusion breakthrough hypoth-
esis [ 33 ,  37 ,  38 ]. However restricted diffusion can be present in nearly 25 % of 
patients with HE and contrast enhancement can be seen in about 15 % [ 39 ]. 

 The lesions  predominantly   involve symmetric subcortical parieto-occipital 
white matter regions. Two-thirds of patients have frontal and temporal lobe involve-
ment and a third of patients will have brainstem, cerebellum, or basal ganglia 
affected (Figs.  9.1  and  9.2 ) [ 38 ,  39 ]. The lesions can be asymmetric in up to 40 % 

  Fig. 9.1    MRI of the brain in a 62-year-old woman presenting with hypertensive encephalopathy 
reveals predominance of vasogenic edema in the subcortical posterior white matter. Unenhanced 
T1-weighted image ( upper left ) showing isointense lesion; T2-weighted FLAIR image ( upper 
right ) showing increased signal in posterior white matter       
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of patients [ 39 ]. They can resolve completely with proper BP lowering [ 36 ,  38 , 
 40 ]. The occipital lobe  predilection is thought to be due to a paucity of sympathetic 
innervation in the posterior circulation, thus rendering it more susceptible to vaso-
dilatory responses [ 41 ,  42 ].

         Posterior Reversible Encephalopathy Syndrome 

 The typical neurological and imaging fi ndings of HE are similar to the PRES. PRES 
has been associated with  eclampsia  , preeclampsia, chemotherapy regimens, immu-
nosuppressant agents used after organ transplantation and a host of other  systemic 
disorders and agents   (Table  9.1 ) [ 43 ].

   Two main pathophysiologic theories have been postulated with overlap to that of 
HE. One theory is that PRES can occur secondary to  cerebral autoregulatory system   
impairment leading to disrupted blood brain barrier integrity. The second theory is 
that systemic toxicity causes endothelial dysfunction and vasogenic edema in the 
presence or absence of elevated BP. This has been demonstrated in animal models 
and supported by modern neuroimaging [ 30 ,  38 ,  44 ,  45 ]. In a report from the 
Critically Ill Posterior Reversible Encephalopathy Syndrome Study Group 
(CYPRESS), the most common clinical presentation was impaired consciousness, 

  Fig. 9.2    MRI of the brain in a 21-year-old man presenting with headache, confusion, and visual 
scotomas. ( a ) T2-weighted FLAIR image showing increased signal in bilateral occipital and tem-
poral lobes. ( b ) T2-weighted FLAIR image done a week later showing lesion resolution       
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   Table 9.1    Predisposing conditions that have been associated with PRES   

 Medications and other  agents    Systemic disorders 

 Aluminum toxicity    Eclampsia 
 Azathioprine    Hepatic encephalopathy 
 Bevacizumab    Hypertensive encephalopathy 
 Bortezomib    Infections 
 Caffeine     Systemic infl ammatory response syndrome 
 Carboplatin     Multiorgan dysfunction syndrome 
  Cisplatin      Metabolic abnormalities 
 Corticosteroids     Hypomagnesemia 
 Cyclosporin A     Hypercalcemia 
 Cyclophosphamide     Hypocholesterolemia 
 Cytarabine    Renal disorders 
 Doxorubicin     Hemolytic uremic syndrome 
 Ephedrine     Hepatorenal syndrome 
 Erlotinib     Glomerulonephritis 
 Erythropoietin     Nephrotic syndrome 
 5-Fluorouracil    Rheumatologic disorders 
 Gemcitabine     Systemic lupus erythematosus 
 Granulocyte colony stimulating factor     Primary systemic sclerosis 
 Growth  factor       Granulomatosis with polyangiitis 
 Interferon alfa     Polyarteritis nodosa 
 Intravenous immunoglobulin     Rheumatoid arthritis 
 Iodinated contrast     Antiphospholipid antibody syndrome 
  L- Asparaginase    Pheochromocytoma 
 Linezolid    Primary aldosteronism 
 Methotrexate (intravenous and intrathecal)    Tumor lysis syndrome 
 Midodrine 
 Oxaliplatin 
 Oxybutynin 
 Phenylpropanolamine 
 Pseudoephedrine 
 Rituximab 
 Sirolimus 
 Sorafenib 
  Sunitinib   
 Tacrolimus 
 Temsirolimus 
 Vinblastine 
 Vincristine 
 Vinorelbine 

  From Le EM, Loghin ME. Posterior reversible encephalopathy syndrome: a neurologic phenom-
enon in cancer patients. Current oncology reports. 2014;16(5):1–9, with permission  
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followed by clinical seizures and an associated MAP more than 122 mmHg. 
 Parieto- occipital involvement was more frequently found in CYPRESS although 
atypical presentations involving fronto-temporal lobes and gray matter were 
reported. Lesions were reversible in 43 % of patients that had follow-up imaging. 

    Treatment 

 In patients with hypertensive urgency, BP can gradually be lowered over 24–48 h 
with oral medications in a nonintensive care unit setting. However, all patients with 
hypertensive emergency should be treated with intravenous medications in an inten-
sive care unit, commonly with invasive BP monitoring [ 17 ]. In order to prevent 
 hypoperfusion and cerebral ischemia   in patients with a right-shifted autoregulation 
curve, rapid BP correction should be avoided [ 46 ]. Short-acting and easily titratable 
continuous BP-lowering agents are preferred (Table  9.2 ). Intramuscular and sublin-
gual routes are unpredictable and should be avoided [ 47 – 49 ]. It is reasonable to 
lower the DBP 10–15 % over 30–60 min or reduce MAP by 25 % over 8 h if MAP 
at presentation exceeds 150 mmHg [ 8 ,  22 ]. If neurological deterioration occurs dur-
ing BP lowering, treatment should be suspended [ 16 ,  22 ]. Volume resuscitation 
with saline should be considered, as many patients presenting with hypertensive 
emergencies are dehydrated [ 47 ].

   Recognition of simultaneous cardiac or renal  involvement   is important when 
choosing among therapeutic options. Additionally, some BP-lowering agents 
should be avoided during treatment of HE. Sublingual nifedipine can cause a sud-
den uncontrolled BP drop within 5–10 min after administration that can precipitate 
cerebral ischemia [ 47 ,  50 ]. Elderly individuals are particularly susceptible [ 51 ]. 
Nitroglycerine is a potent venodilator and can cause hypotension with refl ex tachy-
cardia. It also reduces preload and cardiac output which may compromise cerebral 
perfusion. Headache is a common side effect [ 47 ]. Hydralazine is a vasodilator that, 
when given parenteral, can cause an unpredictable fall in BP lasting up to 12 h [ 52 ]. 
Sodium nitroprusside is an arterial and venous dilator that may theoretically 
decrease CBF while increasing intracranial pressure although the clinical signifi -
cance is contested [ 53 ]. Additionally, sodium nitroprusside contains 44 % cyanide 
by weight which is metabolized to thiocyanate, requiring intact liver and renal func-
tions for adequate removal [ 54 ].  Cyanide toxicity   can cause cardiac arrest, coma, 
encephalopathy, seizures, and irreversible focal neurological defi cits. It should be 
avoided in patients with hereditary optic neuropathy [ 55 ,  56 ]. 

  Labetalol  , nicardipine, and  esmolol   are preferred initial agents for BP treatment 
in HE [ 22 ] (Table  9.2 ). Labetalol is a combined selective alpha 1-adrenergic and 
nonselective beta-adrenergic receptor blocker with sevenfold greater effect on the B 
receptors compared to the alpha receptors [ 56 ,  57 ]. Onset of action for IV labetalol 
is 2–5 min and peaks at 5–15 min with duration of action 2–4 h. Cardiac output and 
CBF are maintained while systemic vascular resistance is reduced [ 57 ]. Nicardipine 
is an IV dihydropyridine-derived calcium channel blocker [ 58 ]. It exhibits vascular 
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selectivity and has a strong cerebral vasodilator activity that has been shown to 
reduce cerebral ischemia. Onset of action is 5–15 min, and the duration can be up to 
3 h [ 58 ]. Clevidipine is a third generation dihydropyridine-derived calcium channel 
blocker that has been studied in multiple trials but no specifi c indication exists to 
date for hypertensive crisis. 

 Esmolol is a cardioselective beta-adrenergic blocker that is extremely short acting. 
Onset of action is within 60 s with duration of 10–20 min. The metabolism of esmolol 
is via esterases in the cytosol of red blood cells and is not affected by renal or hepatic 
dysfunction. It may be used as both a bolus and an infusion, but is contraindicated in 
patients with bradyarrhythmias, heart failure, and concomitant treatment with beta 
blockers. Its effect can be prolonged in patients with anemia due to fewer available 
esterases. Lastly, IV fenoldopam, a selective dopamine-1 receptor agonist which 
dilates the systemic and renal arteries promoting diuresis, may be considered [ 59 ]. Its 
onset of action is 4–5 min, peaks within 15 min, and lasts 30–60 min [ 56 ,  59 ]. 

    Table 9.2    Antihypertensive agents used in neurological emergencies   

 Agent  Dosing 
 Onset/duration of 
action  Advantages  Disadvantages 

 Esmolol  500 μg/kg IV 
bolus or 
25–300 μg/kg/
min IV infusion 

 60 s/10–20 min  Short acting 
and 
metabolized 
via red blood 
cells 

 Bradyarrhythmia, heart 
failure, beta blockers 

 Fenoldopam  0.1–0.3 mg/kg/
min IV infusion 

 4–5 min/30–60 min  No CNS 
effects or 
toxic 
metabolites 

 Headache, tachycardia, 
increase intraocular 
pressure. Caution in 
intracranial 
hypertension and 
myocardial infarction. 
Allergic reactions 
when mixed with 
sodium met bisulfate 

 Hydralazine  10–20 mg IV 
bolus 

 10 min/>1 h  Safe in 
pregnancy 

 Unpredictable drop in 
BP, tachycardia 

 Labetalol  5–20 mg IV 
bolus every 
15 min, up to 
2 mg/min IV 
infusion 

 2–5 min/2–4 h  Maintains 
cardiac 
output and 
cerebral 
blood fl ow 

 Bronchospasm, 
bradycardia 

 Nicardipine  5–15 mg/h IV 
infusion 

 5–15 min/3 h  Cerebral 
vasodilation, 
reduces 
cerebral 
ischemia 

 Refl ex tachycardia 

 Sodium 
Nitroprusside 

 0.25–10 μg/kg/
min IV infusion 

 Immediate/2–3 min  Immediate 
onset 

 Possible increase in 
ICH, cyanide toxicity 

   IV  intravenous,  CNS  central nervous system,  BP  blood pressure,  ICH  intracerebral hemorrhage  
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Fenoldopam can cause tachycardia and increased intraocular pressure. It should not 
be administered to patients with glaucoma and administered with caution in patients 
with intracranial hypertension and myocardial infarction. Allergic reactions can occur 
when mixed with solutions that contain sodium met bisulfate [ 56 ,  59 ]. 

 Once BP is adequately controlled with initial treatment and  neurological symp-
toms   resolve, oral antihypertensive agents can be started while IV agents are slowly 
weaned [ 48 ]. The long-term treatment goal is blood pressure <140/90 mmHg in less 
than 60-year-old patients and <150/90 mmHg in patients older than 60 years. In 
patients with diabetes mellitus or renal disease, goal blood pressure should be <140/90 
[ 60 ]. The majority of patients will require two or more agents from different drug 
classes to reach their goal. Specifi c drug classes are recommended for black Americans, 
diabetics, and patients with chronic kidney disease and are beyond the scope of this 
chapter. Adoption of lifestyle modifi cations should include weight loss, healthy diet, 
physical activity, limited alcohol intake, and smoking cessation [ 60 ]. Management 
strategies should focus on individual patient goals and foster adherence.   

    Eclampsia 

  Eclampsia   ( preeclampsia-eclampsia)   is one of four hypertensive disorders of  pregnancy 
that include chronic hypertension, chronic hypertension with superimposed preeclamp-
sia, and gestational hypertension [ 61 ]. Its syndrome is defi ned by convulsive seizures 
in the absence of prior epilepsy in patients with established preeclampsia. 

    Historical Overview 

 Varandaeus fi rst introduced the term eclampsia in 1619. However, its clinical 
 presentation and pathological concepts have been recognized since ancient times. 
The word “eclampsia” comes from the Greek word  eklampsis , meaning lightning, 
due to the striking and acute presentation refl ecting the sudden onset of convulsions. 
Hippocrates described headaches, heaviness, and convulsions during pregnancy in 
the Coan Prognosis writings. During that time, the humor theory grouped all pathol-
ogies according to an imbalance between blood, phlegm, and yellow and black bile. 

 Hippocrates, in the fourth to fi fth centuries Before Current Era (BCE), believed 
that the uterus traveled around the body affecting the liver, heart, brain, and kidneys 
to establish equilibrium. Early treatments aimed to restore balance with diet, blood- 
letting, and purging [ 62 ]. In 1596, during the Renaissance, a classifi cation scheme 
considering a pregnant uterus an epileptic condition was proposed. Since the nine-
teenth century great scientifi c efforts have been made to understand this complex, 
common, and lethal disorder. The theory of vascular failure from incompetent 
 placental spiral arteries was proposed from direct examination of tissue specimens. 
Aggressive management such as termination of pregnancy was considered. During 
the twentieth century, treatment with magnesium sulfate was introduced. Its utility in 
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preeclampsia was fi rst demonstrated by Horn in 1906 and, subsequently, its effi cacy 
was established by Lazard and Dorsett in the 1920s. Since then, the knowledge about 
the disease has expanded although many questions remain regarding its pathogene-
sis. It is currently considered a form of PRES.  

     Epidemiology   

 Hypertensive disorders affect 10 % of all pregnancies worldwide. Maternal deaths 
related to hypertensive disorders account for 10 % of overall maternal deaths in 
Africa and Asia and 25 % in Latin America [ 61 ,  63 ]. Eclampsia occurs in 2–3 % of 
patients with symptoms of severe preeclampsia. Severe preeclampsia is defi ned as 
the presence of any of the following factors: two systemic BP readings >160 mmHg 
systolic and >110 mmHg diastolic, platelet count <100,000/μL, doubling of liver 
enzyme levels from baseline or right upper quadrant pain, creatinine concentration 
>1.1 mg/dL or twofold elevation from baseline, pulmonary edema, and visual or 
cerebral impairment. A third of patients with eclampsia are normotensive. In 
patients without severe preeclampsia, the incidence of eclampsia is 1–6 per 10,000 
deliveries in developed countries and up to 157 per 10,000 deliveries in developing 
countries. Prior to 2013, proteinuria was considered part of the diagnostic criteria of 
preeclampsia but is no longer required.  

    Clinical Presentation 

 The presence of generalized  tonic-clonic seizures   in a patient with preeclampsia 
and no history of epilepsy is diagnostic of eclampsia. Other symptoms include 
headache, visual disturbances, and right upper quadrant pain [ 64 ,  65 ]. Seizures 
are associated with signs of fetal distress including bradycardia immediately after 
the seizure lasting for about 3–5 min and transient decelerations. Recurrent decel-
erations of fetal heart rate lasting 10–15 min should raise suspicion for occult 
abruptio placenta. 

 Approximately 90 % of patients with eclampsia present after 28 weeks of 
 gestation. It can also occur during delivery or up to 48 h postpartum [ 66 ]. 
Neurological fi ndings include brisk muscle stretch refl exes, memory defi cits, and 
decreased visual processing and perception. 

 Brain imaging, preferably with MRI, should be considered in pregnant patients 
with neurological signs or  symptoms   to also assess for cerebral venous thrombosis, 
ischemic stroke, and intracranial hemorrhage as these may mimic eclampsia. 
Vascular imaging should also be considered in selected circumstances as  postpartum 
vasculopathy, a reversible cerebral vasoconstriction syndrome, can present  similarly. 
MRI fi ndings in patients with eclampsia are similar to PRES. 

 Although twentieth century studies reported postictal abnormalities in patients 
with eclampsia, electroencephalography has not been proven useful.  
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     Pathophysiology   

 The precise trigger for preeclampsia and eclampsia is uncertain. Complex 
 pathogenetic theories have been proposed such as involvement of an antiangiogenic 
state, defective deep placentation, oxidative and endoplasmic reticulum stress, 
angiotensin receptor autoantibodies, platelet and thrombin activation leading to 
intravascular infl ammation, and endothelial dysfunction disrupting angiogenesis. 
The antiangiogenic state involves elevated circulating levels of soluble endoglin and 
soluble Fms-like tyrosine kinase (sFlt1) produced predominantly by the placenta 
and also by circulating monocytes. sFlt-1 binds circulating and tissue-based factors 
such as vascular endothelial growth factor (VEGF) and placental growth factor 
(PlGF) inhibiting angiogenesis [ 67 ]. Maternal susceptibility factors can determine 
the individual clinical course of preeclamptic women.  

    Treatment 

  Magnesium sulfate   remains the fi rst line treatment for seizures in eclampsia. When 
compared to phenytoin and diazepam, the Eclampsia Trial Collaborative Group 
reported that magnesium sulfate was more effective in preventing recurrent sei-
zures. Moreover, magnesium sulfate was shown to prevent initial seizures and 
reduce the risk of maternal death compared to placebo in women with preeclampsia 
in the Magpie Trial without any adverse impact to mother or child [ 68 ]. 

 The loading dose of magnesium sulfate is 6 g IV over 20–30 min, with mainte-
nance infusion of 2–3 g IV per hour. If seizures recur reload with 2 g over 5–10 min 
and repeat if needed. If seizures persist, treatment with  benzodiazepines   such as 
diazepam and lorazepam should be cautiously considered due to depressant effects 
in fetus and mother. Close monitoring of the clinical exam and serum magnesium 
levels is required to assess for possible toxicity. Exercise caution in patients with 
renal failure and infusions should be limited to less than 12 h. In cases of persistent 
fetal distress, prompt delivery is required. Termination of pregnancy may be con-
sidered as it is a defi nitive treatment for eclampsia [ 61 ,  63 ].   

    Summary 

 Hypertension is a prevalent disease, and nearly 1 % of hypertensive individuals will 
experience a hypertensive crisis in their lifetime. HE is a clinical manifestation of 
hypertensive crisis characterized by headache, visual disturbance, altered mental sta-
tus, seizures, and focal sensorimotor defi cits in the setting of an abrupt BP increase. 
Cerebral autoregulation can fail with an acute severe increase of BP leading to endo-
thelial permeability, fi brin deposition, and vasogenic edema with a characteristic 
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imaging distribution in the occipital lobes. MRI abnormalities and clinical symptoms 
are typically reversible with appropriate prompt treatment. Early recognition and 
judicious BP lowering is paramount. PRES overlaps with HE. Both have similar 
clinical presentation and imaging fi ndings but PRES can be due to various medical 
and pharmacological etiologies. Treatment of predisposing medical conditions and 
removal of exacerbating medications is indicated. Eclampsia is a related neurologi-
cal complication associated with pregnancy-induced hypertension characterized by 
headaches, seizures, and visual disturbances. Early initiation of magnesium sulfate is 
indicated to prevent seizures and maternal mortality.     
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       Stroke is a widely prevalent condition associated with signifi cant morbidity and 
mortality. Worldwide, it is the second leading cause of death and a leading cause of 
disability [ 1 ]. After ischemic stroke, intracerebral hemorrhage ( ICH)   is the second 
most common stroke subtype, accounting for 10–25 % of all strokes [ 2 ]. However, 
the overall morbidity and mortality of ICH is signifi cantly higher than that of isch-
emic stroke. Less than half of patients with ICH survive 1 year (of whom only 
20–30 % live independently) and less than a third survive 5 years [ 2 – 4 ]. 

    Hypertension as a Risk Factor for ICH 

 As discussed in detail in Chap.   2    , hypertension is the most important modifi able risk 
factor for ICH and the risk of ICH increases linearly with an increase in the blood 
pressure (BP), even within the normotensive range. Hypertension is thought to lead 
to  fi brinoid necrosis and rupture   of small blood vessels leading to the formation of 
ICH. Long-term control of elevated BP is effective both for primary and secondary 
prevention of ICH. In the Perindopril Protection Against Recurrent Stroke Study 
(PROGRESS) of 6015 patients with a prior history of cerebrovascular disease, anti-
hypertensive treatment lowered the absolute rates of ICH from 2 to 1 % (RRR 50 %, 
95 % CI 26–67) over a mean of 3.9 years of follow-up. Among patients whose 
baseline stroke was an ICH, the relative risk of any stroke was reduced by 49 % 
(95 % CI 18–68) [ 5 ]. 

 The impact of hypertension is not confi ned to hemorrhages in the “classic 
 hypertensive locations” such as hemorrhages in the basal ganglia, thalamus, pons, 
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or cerebellum. Inadequate BP control has been associated with a higher risk of 
recurrence both for lobar (hazard ratio [HR], 3.53 [95 % CI, 1.65–7.54]) and non-
lobar ICH (HR, 4.23 [95 % CI, 1.02–17.52]) [ 6 ]. Active treatment of hypertension 
reduces the risk of  amyloid angiopathy  -related ICH by 77 % (95 % CI, 19–93 %), 
that of hypertension-related ICH by 46 % (95 % CI, 4–69 %), and that of unclassi-
fi ed ICH by 43 % (95 % CI, −5 to 69 %) [ 7 ].  

    Hypertensive Response in ICH 

 Elevated blood pressure is very common after an ICH. Analyzing data from the 
National Hospital Ambulatory Medical Care Survey, Qureshi et al. reported that of 
45,330 patients with ICH presenting to hospital emergency departments in the 
United States, 75 % had a systolic BP ≥ 140 mmHg [ 8 ]. Although many patients 
with ICH have preexisting hypertension, ICH itself seems to result in an elevation 
of the BP signifi cantly above their usual baseline, which begins to decrease within 
hours or a few days after admission to the hospital [ 9 ]. A recent study also con-
fi rmed that systolic BP is substantially raised compared with usual  premorbid levels   
after ICH, whereas acute-phase systolic BP after major ischemic stroke is much 
closer to the long-term premorbid level. This increase in ICH patients was due both 
to a rise in premorbid systolic SBP in the days and weeks before the event and to a 
subsequent additional increase in systolic blood pressure from the last premorbid 
reading. In ICH patients seen within 90 min, the highest systolic BP within 3 h of 
onset was 50 mmHg higher, on average, than the maximum premorbid level whereas 
that after ischemic stroke was 5.2 mmHg lower ( p  < 0.0001) [ 10 ]. 

 The exact cause of this acute hypertensive response is not known, but the 
 transient nature of BP rise supports the role of stroke-specifi c mechanisms. These 
may include dysfunction of the areas of the brain involved in BP regulation, stress 
induced activation of  neuroendocrine systems   and impaired parasympathetic 
activity and baroreceptor sensitivity [ 11 ].  

    Treatment of Elevated BP in ICH 

    Rationale for and Against BP Reduction 

 While the long-term benefi cial effect of lowering BP in ICH patients is widely 
accepted, it is not clear if elevated BP should be lowered in the acute phase of 
ICH. The posited advantages of acute BP lowering might include a possible 
reduction of hematoma expansion and cerebral edema while the disadvantages 
might include the risk of inducing or exacerbating cerebral ischemia with BP 
reduction [ 12 ]. 
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     Hematoma Expansion      

  Hematoma expansion is   common in ICH. Among ICH patients scanned within 3 h 
of onset, 73 % have some hematoma expansion when scanned at 24 h, and signifi -
cant hematoma expansion (> 33 % increase in volume) has been seen in nearly 40 % 
of patients [ 13 ,  14 ]. Signifi cant hematoma growth is often associated with a decline 
in the neurological status and is an independent predictor of mortality and func-
tional outcome [ 14 ,  15 ]. Most, but not all, studies report an association between 
hematoma expansion and hypertension [ 13 ,  16 – 21 ]. Recently, a retrospective cohort 
study of the fi rst measured BP on the scene by emergency responders in 536 ICH 
patients reported that elevated systolic BP (by 10 mmHg incremental: OR = 1.126, 
95 % CI 1.015–1.265), diastolic BP (by 10 mmHg incremental: OR = 1.146, 95 % CI 
1.019–1.303), and mean arterial pressure (MAP) (by 10 mmHg incremental: 
OR = 1.225, 95 % CI 1.057–1.443) were signifi cantly associated with early neuro-
logical deterioration (defi ned as a ≥2 point decrease in the Glasgow Coma Scale 
(GCS) score with 24 h of arrival at the emergency department). Neurological dete-
rioration was attributed to hematoma expansion in 83 % of cases [ 22 ]. Table  10.1  
summarizes studies exploring the relationship between hematoma expansion and 

   Table 10.1    Relationship between hypertension and hematoma growth   

 Reference  Study design 

 Number 
of 
patients  Conclusion 

 Brott et al. [ 13 ]  Prospective 
observational 

 103  No association between systolic or 
diastolic BP and HE 

 Kazui et al. [ 19 ]  Retrospective  186  Systolic BP ≥ 200 mmHg at admission 
associated with HE 

 Fujii et al. [ 17 ]  Retrospective  627  Systolic BP was not a predictor of HE 
 Ohwaki et al. [ 21 ]  Retrospective  76  Maximum systolic BP associated with 

HE. Target systolic BP of ≥160 mmHg 
signifi cantly associated with HE 
compared to ≤150 mmHg 

 Jauch et al. [ 18 ]  Retrospective analysis 
of a prospective 
observational study 

 98  No relationship between HE and systolic 
BP, diastolic BP, MAP or pulse pressure 

 Broderick et al. 
[ 16 ] 

 Retrospective analysis 
of a prospective study 

 382  No relationship between HE and 
baseline systolic BP or MAP 

 Martí- Fàbregas 
et al. [ 20 ] 

 Prospective study  60  No relationship between admission 
systolic BP, diastolic BP or MAP or 
maximum systolic, diastolic or MAP 
during the fi rst 24 h and HE 

 Fan et al. [ 22 ]  Retrospective  536  Systolic BP, diastolic BP and MAP 
on-scene associated with END, which in 
turn was due to HE in 83 % of cases 

   BP  blood pressure,  HE  hematoma expansion,  MAP  mean arterial blood pressure,  END  early 
 neurological deterioration  
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hypertension. It is important to point out that even if there is an established 
 association between the two, it can be diffi cult to ascertain if hypertension led to 
hematoma expansion or if the expanding hematoma led to a rise in BP.

        Cerebral Edema         

  Perihematomal edema (PHE) develops   within 3 h after onset of ICH and peaks 
in the 2nd–4th week after onset [ 23 ]. The prognostic signifi cance of PHE in ICH 
is still under investigation. Initial data from the Intensive blood pressure reduc-
tion in acute cerebral hemorrhage trial (INTERACT) suggested that the degree 
of, and growth in,  PHE   over the fi rst 72 h are strongly related to the size of the 
underlying hematoma of acute ICH, and do not appear to have a major indepen-
dent effect in determining the outcome from this condition [ 7 ]. Although one 
would expect that a higher BP  would    promote   PHE formation by increasing the 
capillary hydrostatic pressure, in the INTERACT trial, lower systolic BP and 
baseline hematoma volume were independently associated with absolute 
increase in  PHE      volume [ 7 ]. A more recent analysis of 1138 patients enrolled in 
INTERACT and INTERACT2 studies found that absolute growth in  PHE   vol-
ume over 24 h was signifi cantly associated with death or dependency (adjusted 
odds ratio, 1.17; 95 % confi dence interval, 1.02–1.33 per 5 mL increase from 
baseline;  p  = 0.025) at 90 days, however, admission BP was not a predictor of 
edema growth [ 24 ].  One   should note that both these studies analyzed early PHE 
(<72 h). Since PHE in most patients usually peaks in the 2nd–4th week, the 
clinical relevance of these studies of early PHE is uncertain and there is a need 
to study the prognostic implications of delayed PHE and its relationship with 
BP.  

    Cerebral Blood Flow and Ischemia in ICH 

 Cerebral blood fl ow ( CBF        ) is determined by the equation: CBF = cerebral perfusion 
pressure ( CPP     )/ cerebral vascular resistance (CVR)      [ 25 ]. CPP is defi ned as MAP 
minus intracranial pressure (ICP). Under normal physiological conditions, as MAP 
fl uctuates between a range of 50 and 150 mmHg, CBF is maintained at a constant 
state through cerebral autoregulation. This is achieved by adjustment in CVR (i.e., 
vasodilatation or vasoconstriction of arteriolar blood vessels occurs when MAP 
falls or rises). Below the lower limit of autoregulation, there may be a fall in CBF 
leading to cerebral ischemia, and above the upper limit there may be endothelial 
injury and breakdown of the blood–brain barrier leading to cerebral edema and 
eventually to brain hemorrhage [ 26 ]. Persons with chronic untreated hypertension 
have a shift of the brain autoregulatory curve to the right. Therefore, in ICH patients 
who have longstanding untreated hypertension, caution must be exerted when low-
ering BP. Abrupt lowering of the blood pressure to “normal” may lead to cerebral 
hypoperfusion in these patients. 
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 Patients with large ICH or those with obstructive hydrocephalus may have 
increased ICP. An elevated BP in these patients may be “protective” in the sense of 
maintaining an adequate CPP in the face of an elevated ICP.    Thus,    lowering an 
elevated BP by a signifi cant amount in these patients without measuring the ICP 
(and thus not measuring the  CPP     ) may lead to a drop of MAP below the lower limit 
of autoregulation and potentially lead to  cerebral hypoperfusion  . 

 ICH itself might disrupt cerebral autoregulation, either globally or locally in 
the perihematomal region. Studies of CBF with single-photon emission com-
puted tomography, positron-emission tomography (PET), CT  perfusion   imaging, 
and magnetic resonance imaging (MRI) have demonstrated that CBF is reduced 
in the perihematomal region [ 27 – 30 ]. However, the reduction in CBF does not 
appear to translate to cerebral ischemia.  PET   imaging in 19 ICH patients studied 
between 5 and 22 h after onset of symptoms demonstrated that both CBF and 
cerebral metabolic rate of oxygen (CMRO2) were reduced in the region sur-
rounding acute ICH. In addition, the oxygen extraction fraction (OEF) was also 
reduced in the same region. The reduced OEF in this region, and the fact that 
CMRO2 was reduced to a proportionately greater degree than CBF, suggests that 
there is reduced metabolic demand rather than acute ischemia [ 30 ]. More 
recently, data from the ICH ADAPT study (see below) also suggest that the mean 
absolute perihematoma CBF is lower than contralateral homologous regions but 
above the proposed CBF threshold for ischemia [ 31 ]. 

 Lastly, MRI observational studies have described the presence of  diffusion- restricted 
lesions in ICH patients, suggestive of acute ischemic injury in 14–41 % of 
patients studied. BP lowering has been associated with the occurrence of these 
cerebral ischemic lesions in several of these studies [ 32 ,  33 ]. The authors 
hypothesize that BP reductions in the setting of an active vasculopathy may be 
a potential underlying mechanism. In a recent review of the literature, it was 
concluded that three studies have  suggested    a   relationship between degree of BP 
lowering and DWI lesions on MRI, but two studies did not fi nd an association, 
suggesting the possibility that these lesions may be an epiphenomenon resulting 
from underlying hypertensive cerebral microangiopathy and unrelated to BP 
reduction [ 33 ].    

    Clinical Studies of BP Reduction in ICH 

 In view of the reported association between hypertension and poor outcome in stroke 
in general, and ICH in particular, several studies of acute BP lowering in stroke have 
been conducted. Several of these studies studied patients with both ischemic and hem-
orrhagic strokes and a few studies have focused on imaging end- points. However, in 
the last decade, a few small and large prospective randomized studies on BP lowering 
in acute ICH have been conducted with the goal of  determining if BP lowering is safe 
and effective. The studies in each section are discussed in order of publication and 
summarized in Table  10.2 .
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      Randomized Studies Including  Ischemic Stroke         and ICH 

  Controlling hypertension and hypotension immediately post-stroke (CHHIPS)      was 
a pilot, randomized, double-blind, placebo-controlled trial of two blood pressure- 
lowering regimens within 36 h of cerebral infarction or hemorrhage. One hundred 
and seventy-nine patients were enrolled; however, only 25 patients had ICH (18 
randomized to active treatment and 7 to placebo). While outcome data on the ICH 
patients was presented, the small number of patients limits the ability to draw fi rm 
conclusions about the safety or effi cacy of BP reduction [ 34 ]. 

 The Continue Or Stop post-Stroke Antihypertensives Collaborative Study 
(COSSACS)       was a multicenter, prospective, randomized, open, blinded-endpoint 
 trial   of patients within 48 h of non-dysphagic, ischemic,  or   hemorrhagic stroke and 
within 48 h of the last dose of antihypertensive drugs. The aim was to assess the 
effi cacy and safety of continuing or stopping preexisting antihypertensive drugs. Of 
763 total enrolled patients, only 38 had ICH and subgroup analysis of the ICH 
patients was not presented in the published manuscript [ 35 ]. 

 The  angiotensin-receptor blocker candesartan for treatment of acute stroke 
(SCAST)   was a randomized, placebo-controlled, double-blind trial. Patients with 
acute stroke (ischemic or hemorrhagic) and systolic BP of ≥140 mmHg were 
included within 30 h of symptom onset. Patients were randomly allocated to cande-
sartan or placebo (1:1) for 7 days. There were two co-primary effect variables: the 
composite endpoint of vascular death, myocardial infarction, or stroke during the 
fi rst 6 months; and functional outcome at 6 months, as measured by the modifi ed 
Rankin Scale (mRS). Two thousand and twenty-nine patients were randomized, 
including 274 with ICH (144 in the candesartan and 130 in the placebo group, 
respectively). The main analysis of all patients showed a trend toward poorer func-
tional outcome in the candesartan group [ 36 ]. Patients with ICH were separately 
studied in a pre-specifi ed subgroup analysis [ 37 ]. There was no association between 
treatment with candesartan and risk of vascular events (17 of 144 [11.8 %] versus 13 
of 130 [10.0 %]; hazard ratio, 1.36; 95 % confi dence interval, 0.65–2.83;  p  = 0.41). 
For functional outcome, there was evidence of a negative effect of candesartan 
(common odds ratio, 1.61; 95 % confi dence interval, 1.03–2.50;  p  = 0.036). It should 
be pointed out that in  SCAST     , treatment was started at ≈18 h, and the maximal dif-
ference in systolic BP of 5 mmHg was  achieved   on day 4. The authors concluded 
that the absence of benefi t in SCAST might imply that treatment was started too late 
to limit brain injury or that angiotensin receptor blockers have unwanted properties 
in the acute phase of stroke [ 37 ]. 

 In the  Effi cacy of Nitric Oxide in Stroke (ENOS)      trial, patients admitted to 
 hospital with an acute ischemic or hemorrhagic stroke and raised systolic blood 
pressure (systolic 140–220 mmHg) were randomly assigned to 7 days of transder-
mal glyceryl trinitrate (5 mg per day), started within 48 h of stroke onset, or to no 
glyceryl  trinitrate   (control group). A subset of patients who were taking antihyper-
tensive drugs before their stroke was also randomly assigned to continue or stop 
taking these drugs.    The primary outcome was function, assessed with the mRS at 90 
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days. Of the total 4011 patients enrolled, 629 patients presented with ICH. There 
was no difference in functional outcome at 90 days in ICH patients between the two 
groups (OR 1.03, 95 % CI: 0.78–1.36) [ 38 ].  

    Randomized Studies Enrolling Only ICH Patients 

    Studies with Imaging End-Points 

 Powers et al. studied 14 patients with small to moderate sized ICH (volumes 
1–45 mL) imaged between 6 and 22 h after ICH. Patients were imaged using  PET         
at baseline and after the baseline CBF measurement, randomized to receive either 
nicardipine or labetalol to reduce MAP by 15 %, and the CBF study was repeated. 
The results showed that when MAP was lowered by ~17 % from 143 ± 10 to 
119 ± 11 mmHg, there was no signifi cant change in either global CBF or perihema-
tomal CBF, suggesting preserved autoregulation [ 39 ]. 

 The ICH  ADAPT study   randomized 75 patients with ICH within 24 h of symp-
tom onset to a systolic BP goal of <150 or <180 mmHg. The primary endpoint was 
perihematomal CBF measured by CT perfusion imaging. The regional CBF in the 
perihematomal zone was similar in both groups and aggressive BP reduction did not 
result in an increase in critically hypoperfused areas (CBF <18 mL/100 g/min) in 
the perihematomal zone or watershed areas, nor did it alter perihematomal or global 
CBF [ 31 ,  40 ]. Ipsilateral hemispheric CBF was modestly decreased in the group 
with the lower BP goal [ 31 ]. Additionally, the lower BP target did not lead to an 
increase in the volume of PHE [ 41 ]. 

 Taken together, these two studies, albeit not very large, support the hypothesis 
that there is no perihematomal ischemia in CBF and lowering BP to the ranges stud-
ied does not seem to have a deleterious effect on global or  perihematomal CBF  .  

   Studies with Clinical End-Points 

 Koch et al. conducted a prospective randomized trial comparing two BP tiers in 
ICH patients to determine the safety and feasibility of aggressive BP lowering in 
patients with acute spontaneous ICH. Forty-two patients were enrolled and ran-
domized to one of two MAP goals (standard BP treatment: MAP 110–130 mmHg 
or aggressive BP lowering: MAP < 110 mmHg) within 8 h of symptom onset. 
MAP was managed with antihypertensive agents during the 48 h treatment 
period. The primary and secondary endpoints were a clinical decline (NIHSS 
drop ≥ 2 points) within the fi rst 48 h and hematoma enlargement at 24 h, respec-
tively. Treatment was started on average 3.2 ± 2.2 h after symptom onset and 
target BP was achieved within 87.1 ± 59.6 min in the standard group and 
163.5 ± 163.8 min in the aggressive BP treatment group. There were no signifi -
cant differences in early neurological deterioration, hematoma and edema 
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growth, and clinical outcome at 90 days. The authors concluded that aggressive 
BP lowering in ICH was safe and deserved further study [ 42 ]. 

 The Intensive blood pressure reduction in acute cerebral hemorrhage trial 
( INTERACT  ) was a randomized pilot trial to assess the safety and effi ciency of 
this treatment as a run-in phase to a larger trial. Patients with acute spontaneous 
ICH diagnosed by CT within 6 h of onset, elevated systolic BP (150–220 mmHg), 
and no defi nite indication or contraindication to treatment were randomly 
assigned to early intensive lowering of BP (target systolic BP 140 mmHg; 
 n  = 203) or standard guideline-based management of BP (target systolic BP 
180 mmHg;  n  = 201). The primary effi cacy endpoint was proportional change in 
hematoma volume at 24 h and secondary effi cacy endpoints were absolute and 
substantial growth (>33 % or >12.5 mL within 24 h) of the hematoma and of the 
hematoma plus any intraventricular hemorrhage. Safety and clinical outcomes 
were assessed for up to 90 days. Mean proportional hematoma growth was 
36.3 % in the guideline group and 13.7 % in the intensive group (difference 
22.6 %, 95 % CI 0.6–44.5 %;  p  = 0.04) at 24 h. However, after adjustment for ini-
tial hematoma volume and time from onset to CT, median hematoma growth was 
no longer signifi cantly different between the groups ( p  = 0.06). The absolute dif-
ference in volume between groups was 1.7 mL (95 % CI −0.5 to 3.9,  p  = 0.13). 
Intensive lowering of BP had no signifi cant excess adverse effect on death or 
dependency, or on any of the clinical scales [GCS, National Institutes of Health 
Stroke Scale (NIHSS), mRS, Barthel index, the minimental state examination 
(MMSE), and the EuroQol 5D for the calculation of an overall health utility 
score (EQ5D)]. In a post-hoc analysis of 210 patients randomized up to 4 h from 
ICH onset, substantial hematoma growth was signifi cantly less common in the 
intensive group (17 [15 %] of 110 patients) than the guideline group (30 [30 %] 
of 100 patients) (relative risk reduction 52 %, 95 % CI 30–88 %), and there was a 
3.36 mL absolute difference (95 % CI 0.3–6.4 %) in hematoma volume between 
groups. Of note, in the intensive group, only 87 (42 %) and 133 (66 %) patients 
achieved the target systolic BP of 140 mmHg within 1 and 6 h after randomiza-
tion, respectively [ 43 ]. 

 The Antihypertensive Treatment of Acute Cerebral Hemorrhage ( ATACH        ) trial 
was a phase I, dose-escalation, multicenter prospective study where patients with 
ICH with elevated BP > 170 mmHg presenting within 6 h of symptom onset were 
studied. Patients were randomized to treatment with IV nicardipine to three systolic 
BP goals: 170–200 mmHg ( n  = 18), 140–170 mmHg ( n  = 20), and 110–140 mmHg 
( n  = 22). Nine of 60 patients had treatment failures (all in the last tier). The observed 
proportions of neurologic deterioration and serious adverse events were below the 
pre-specifi ed safety thresholds, and the 3-month mortality rate was lower than 
expected in all systolic blood pressure tiers [ 44 ]. In a subsequent post-hoc analysis, 
the authors were not able to fi nd a signifi cant relationship between the degree of 
SBP reduction (relative to initial SBP) and signifi cant hematoma expansion, PHE or 
poor 3-month outcome [ 45 ]. 

 Encouraged by the results of the pilot INTERACT trial, the authors conducted 
the subsequent INTERACT2 trial. INTERACT2 was an international, multicenter, 
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prospective, randomized, open-treatment, blinded end-point trial. Two thousand 
eight hundred and thirty-nine patients with an ICH within the previous 6 h and an 
elevated SBP were randomized to receive intensive or guideline-recommended 
 antihypertensive treatment (target systolic level of <140 or <180 mmHg, 
 respectively). The primary outcome was death or major disability (defi ned as a 
score of 3–6 on the mRS) at 90 days. A pre-specifi ed ordinal  analysis was also 
performed to determine if there was a signifi cant shift in the distribution of clini-
cal outcomes on the modifi ed Rankin score. Similar to the INTERACT study, only 
33 % of patients randomized to the intensive treatment group were able to achieve 
the goal systolic BP of <140 mmHg within 1 h and only 53 % were able to reach 
it within 6 h. There was no signifi cant difference in the primary outcome between 
the two groups. At 90 days, 52.0 % in the intensive-treatment group had a poor 
outcome, as compared with 55.6 % in the standard-treatment group (odds ratio 
with intensive treatment, 0.87; 95 % confi dence interval [CI], 0.75–1.01;  p  = 0.06). 
However, the ordinal analysis showed a signifi cant favorable shift in the distribu-
tion of scores on the mRS with intensive blood pressure-lowering treatment 
(pooled odds ratio for shift to higher mRS score, 0.87; 95 % CI, 0.77–1.00; 
 p  = 0.04). Lastly, there were no signifi cant differences between the two groups in 
any of the other outcomes studied including mortality and nonfatal serious adverse 
events. A point worth mentioning is the fact that the difference in hematoma 
growth between the groups in the 24 h after baseline was not signifi cant, suggest-
ing that any benefi cial effect of lowering BP could not be attributed to a reduction 
in hematoma expansion [ 46 ]. 

 Questions have been raised about the implications and generalizability of the 
results of the INTERACT2 trial [ 47 – 49 ].  Antihypertensive treatment   in 
INTERACT2 was not always protocol based and different agents were used based 
on provider preference. Post hoc analysis also seems to suggest that systolic BP 
variability seems to predict a poor outcome in patients with acute ICH and per-
haps the benefi ts of early treatment to reduce systolic blood pressure to 140 mmHg 
might be enhanced by smooth and sustained control, and particularly by avoiding 
peaks in BP, which may be easier to achieve with a continuous intravenous 
 infusion of an antihypertensive agent such as nicardipine. In addition, there was 
variability in other adjunct treatments. There was no difference in outcome 
between patients treated within 4 h or after 4 h and no effect on hematoma expan-
sion. Patients with large hemorrhages were excluded and the majority of patients 
had small hemorrhages (average hematoma volume of 11 mL). The reason for use 
of mannitol in the majority of patients, despite small hematoma sizes, is not 
explained. Blood pressure control was achieved quite late, and a time when the 
highest risk period for hematoma expansion would have passed. The inclusion 
criteria allowed patients with even mild–moderate hypertension to be included. 
As a result, only 1873 of 2839 (66 %) subjects received any IV antihypertensive 
medication; 10 and 57 % of subjects randomized to  intensive or standard SBP 
reductions, respectively, did not receive any IV antihypertensive medication. 
Lastly, there was a signifi cant difference in withdrawal of life-sustaining mea-
sures between the intensive and guideline-recommended groups. 
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 A meta-analysis of four previously discussed studies (ICH ADAPT, Koch et al., 
INTERACT and INTERACT2) has been recently published. Three thousand three 
hundred and fi fteen patients were included in the meta-analysis. The results revealed 
that mortality was similar between patients randomized to intensive BP-lowering 
treatment (target systolic BP < 150 mmHg or target MAP < 110 mmHg) and those 
receiving guideline BP-lowering treatment (target systolic BP < 180 mmHg) (odds 
ratio = 1.01, 95 % confi dence interval: 0.83–1.23;  p  = 0.914). Intensive BP-lowering 
treatment tended to be associated with lower 3-month death or dependency (odds 
ratio = 0.87, 95 % confi dence interval: 0.76–1.01;  p  = 0.062) and a greater attenua-
tion of absolute hematoma growth at 24 h (standardized mean difference ± SE: 
−0.110 ± 0.053;  p  = 0.038) compared with guideline treatment [ 50 ].    

    Choice of  Antihypertensive Agents   

 One of the main criticisms of the  INTERACT and INTERACT2         is that a large 
percentage of patients randomized to intensive treatment were unable to be at or 
below the target systolic BP at 1 and even at 6 h as noted above. In both these 
studies, antihypertensive therapy was administered according to local protocols, 
alpha adrenergic antagonists like urapidil were the most commonly used agent 
and intravenous antihypertensive infusions were not commonly used. However, 
other trials have shown that faster BP control is possible. In ICH ADAPT, a 
strict BP lowering protocol using intravenous bolus doses of three antihyperten-
sive agents (labetalol, hydralazine, and enalapril) allowed the target BP in the 
intensive group to be reached at 2 h in nearly 80 % of patients [ 31 ]. In the 
 ATACH   trial, using intravenous nicardipine infusion, the systolic BP goals were 
reached in 90 % of patients within 2 h [ 44 ]. In the Stroke Acute management 
with Urgent Risk-factor Assessment and Improvement (SAMURAI)—ICH 
study, intravenous  nicardipine   use allowed the systolic BP goal (120–160 mmHg) 
to be reached in  a   median time of 30 min (interquartile range 15–45 min). Only 
7 of the enrolled 211 patients needed an additional antihypertensive agent [ 51 ]. 
Several small studies comparing nicardipine with labetalol for BP control in 
ICH seem to suggest that nicardipine is the preferred agent [ 52 – 54 ]. Another 
intravenous short-acting calcium channel blocker, clevidipine, was studied in 
the Evaluation of Patients with Acute Hypertension and ICH with Intravenous 
Clevidipine (ACCELERATE) trial. A total of 35 patients (2 of whom were later 
deemed ineligible) were treated in this multicenter, phase IIIb, single-arm, 
open-label, effi cacy, and safety trial. The mean systolic BP goal of  160–140 mmHg 
was reached in all treated patients within the fi rst 30 min and only one patient 
needed a second antihypertensive agent.  Clevidipine   was well tolerated and 
there was minimal change in the  hematoma volume [ 55 ]. Commonly used  anti-
hypertensive   agents with dosing guidelines are presented in Chap.   9     (Table   9.2    ).  
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    Guidelines from National Societies 

     United States   

 The American Heart Association/American Stroke Association guidelines pub-
lished in 2015 recommend the following:

  “1. For ICH patients presenting with systolic BP between 150 and 220 mmHg and without 
contraindication to acute BP treatment, acute lowering of systolic BP to 140 mmHg is safe 
(Class I; Level of Evidence A) and can be effective for improving functional outcome 
(Class IIa; Level of Evidence B). 
 2. For ICH patients  presenting   with systolic BP > 220 mmHg, it may be reasonable to con-
sider aggressive reduction of BP with a continuous intravenous infusion and frequent BP 
monitoring (Class IIb; Level of Evidence C)” [ 56 ]. 

        Europe   

 The European Stroke Organization guidelines published in 2014 are:

  “In acute ICH within 6 h of onset, intensive BP reduction (systolic target < 140 mmHg in 
<1 h) is safe and may be superior to a systolic target < 180 mmHg. No specifi c agent can be 
recommended. 
 Quality of evidence: Moderate. 
 Strength of recommendation: Weak” [ 57 ]. 

        Australia   

 The National Stroke Foundation (Australia) in 2010 recommended that 

“In acute primary ICH where severe hypertension is observed on several occasions within 
the fi rst 24–48 h of stroke onset, antihypertensive therapy (that could include intravenous 
treatment) can be used to maintain a BP below 180 mmHg systolic (MAP of 130 mmHg).” 
This recommendation is graded GPP (Good practice point) which is defi ned as 
“Recommended  best   practice based on clinical experience and expert opinion” [ 58 ].  

     Canada   

 The Canadian Stroke Best Practice Recommendations published in 2015 are as 
follows:

  “i. BP should be assessed on initial arrival to the ED and every 15 min thereafter until it has 
stabilized [Evidence Level C]. 
 ii. BP targets in ICH patients may be challenging to achieve and require careful monitoring, 
and in some cases aggressive repeated dosing or intravenous infusion of antihypertensive 
medications [Evidence Level C]. 
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 iii. Close BP monitoring (e.g., every 30–60 min, or more frequently if above target) should 
continue for at least the fi rst 24–48 h [Evidence Level B]. 
 iv. There is presently insuffi cient evidence to demonstrate that lower BP targets are associ-
ated with better clinical outcomes, and research is ongoing in this area. However, there is 
evidence to support safety for a target systolic BP less than 140 mmHg [Evidence Level B]. 
 v. Labetalol is recommended as a fi rst-line treatment for acute BP management if there are 
no contraindications [Evidence Level B]. 
 vi. After the fi rst 24 h following the onset of an ICH, further BP lowering should be contin-
ued with the initiation of parenteral or oral antihypertensive medications (depending on 
swallowing ability), to achieve individualized  BP   targets that will optimize secondary 
stroke prevention [Evidence Level B]” [ 59 ]. 

        Japan   

 The Japanese guideline recommendations published in 2011 state:

  “1. The blood pressure in patients with acute ICH should be controlled to maintain the 
systolic BP at <180 mmHg or the MAP at <130 mmHg (Grade C1). 
 2. When performing surgical treatment, more aggressive lowering of BP is recommended 
(Grade C1). 
 3. There is no specially recommended hypotensive drug. Drugs that may dilate cerebral 
blood vessels should be administered with care because they induce brain hypertension 
(Grade C1)” [ 60 ]. 

        Ongoing Research 

 ATACH II, the follow-up trial of ATACH, has recently halted recruitment after 
enrolling 1000 patients and the fi nal results are eagerly awaited. The primary 
hypothesis of the trial is that intensive systolic BP reduction (Systolic 
BP ≤ 140 mmHg) using IV nicardipine infusion for 24-h post-randomization 
reduces the proportion of death and disability (mRS of 4–6) at 3 months by ≥10 % 
compared with the standard BP reduction (SBP ≤ 180 mmHg) among patients with 
ICH treated within 4.5 h of symptom onset [ 61 ]. 

 Another ongoing trial of BP reduction in ICH, ICH ADAPT II, is planning to 
enroll 300 patients who will be randomized to two systolic BP targets (<140 or 
<180 mmHg). The primary endpoint is the frequency of lesions on a diffusion 
weighted MRI image 48 h later [ 62 ].  

    Conclusions 

 Several clinical trials of BP reduction in ICH have been conducted, however, 
unequivocal evidence of improved patient outcomes with intensive blood pressure 
reduction (e.g., a systolic BP goal <140 mmHg) has not yet been demonstrated. 
While awaiting the results of ATACH II, acute systolic BP reduction to a goal of 
<140 mmHg seemed to be safe in the majority of patients and was recommended by 

V. Aiyagari



193

the American Heart Association/American Stroke Association and the European 
Stroke Organization guidelines. This was also supported by recent post hoc analysis 
of the INTERACT2 data suggesting that a target of 130–139 mmHg was associated 
with the lowest degree of physical dysfunction [ 63 ]. However, the recently pub-
lished results of the ATACH-2 trial do not support the notion that systolic BP reduc-
tion to <140 mm Hg leads to better functional outcome compared to a systolic BP 
target of 140-179 mm Hg (see “Note” section below). 

 Hopefully, future trials will study the effect of BP reduction at even earlier time 
frames, when BP reduction might have a more meaningful impact on reduction of 
hematoma expansion. The  Field Administration of Stroke Therapy–Magnesium 
(FAST-MAG)      trial provides a model for conducting such a trial in the pre-hospital 
setting, perhaps facilitated by ambulances equipped with mobile CT scanners to 
reliably distinguish ICH from acute ischemic strokes [ 64 ].  

   Note 

 The results of the Antihypertensive Treatment of Acute Cerebral Hemorrhage II 
(ATACH-2) trial were published after this chapter was submitted. This multi- center, 
open-label trial randomized ICH patients with at least one systolic BP >180 mm Hg 
prior to enrollment, to two systolic BP targets: a)110–139 mm Hg (intensive treatment) 
and b)140–179 mm Hg (standard treatment). Treatment with IV nicardipine infusion 
was initiated within 4.5 hours after symptom onset and continued for the next 24 hours. 
Additional eligibility criteria were age ≥ 18 years, GCS score of ≥ 5 and initial ICH 
volume <60 cm 3 . The primary outcome measure was the proportion of patients with a 
mRS score of 4–6 at 3 months. Enrollment was stopped for futility after a total of 1000 
patients had been randomized, 500 to each systolic BP target. The primary outcome of 
death or disability was seen in 38.7 % in the intensive treatment group and in 37.7 % of 
the standard treatment group (relative risk 1.04; 95 % confi dence interval 0.85–1.27), 
indicating no signifi cant benefi t with intensive treatment. Of note, the intensive target 
group also had a higher incidence of serious adverse events within 3 months of random-
ization. Some of the criticisms of the ATACH-2 trial are a higher proportion of treatment 
failure in the lower BP target group, allowing prerandomization antihypertensive treat-
ment and a high proportion of patients with favorable characteristics at baseline [ 65 ].     
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Chapter 11
Blood Pressure Management in Subarachnoid 
Hemorrhage: The Role of Blood Pressure 
Manipulation in Prevention of Rebleeding 
and the Management of Vasospasm

Zakraus K. Mahdavi, Claudia A. Perez, and Michael A. Rubin

Subarachnoid hemorrhage (SAH) is a neurological emergency that affects thou-
sands of Americans annually. Specific guidelines have been created for the manage-
ment of SAH in an effort to improve overall outcomes. For clarity, this chapter will 
be discussing aneurysmal SAH and not SAH associated with traumatic brain injury. 
The incidence of SAH varies widely within the United States, from 9.7 per 100,000 
to 14.5 per 100,000 adults [1]. It has been reported that more than a quarter of 
patients with SAH die, and approximately half of the survivors are left with some 
persistent neurological deficit [1]. Patients with SAH can spend weeks in the inten-
sive care unit. Even if their neurologic function is preserved, they may still need 
monitoring for development of hydrocephalus or vasospasm. In additional to open 
surgical and endovascular treatments to secure ruptured aneurysms, several proto-
cols have been developed to medically manage SAH and its complications, but very 
few interventions have been shown in randomized controlled trials to have a signifi-
cant impact. The treatment of high blood pressure and augmentation of low blood 
pressure is one of the main priorities with SAH and differs significantly from the 
approach for other types of stroke.

The clinical presentation of SAH is frequently described by a patient as the 
“worst headache of my life” [2]. While this phrase almost seems cliché’, patients 
will literally use this expression to describe the intense pain that they experience 
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from this headache. It is a severe and sudden “thunderclap” headache and may be 
lateralized in some patients. It can be so painful that patients will be immobilized 
and overwhelmed by the intensity. Patients may also have nausea, vomiting, or 
syncope. As the subarachnoid blood spreads, patients may develop meningismus, 
including photophobia and nuchal rigidity, several hours later. These symptoms 
may mimic the presentation of other cerebral insults, such as meningitis, spontane-
ous intracranial hypotension, cerebral venous sinus thrombosis, reversible cerebral 
vasoconstrictive syndrome, and primary thunderclap headache; consequently, these 
conditions ought to be considered in the differential diagnosis and a complete eval-
uation should include appropriate imaging and consideration of a lumbar puncture.

If the diagnosis of SAH is suspected, a prompt noncontrast head computed 
tomography (CT) scan should be obtained emergently, and if CT is non- confirmatory, 
a lumbar puncture (LP) should be considered. If the CT is performed within the first 
24 h of ictus, hemorrhage will be seen in the subarachnoid spaces in 93 % of patients 
with SAH [3]. In the presence of SAH, an elevated RBC count would be noted in 
the CSF that does not diminish from tube 1 to tube 4. An LP is particularly useful in 
assessing for xanthochromia, which is a degradation product of hemoglobin, and 
indicates blood that has been present in the CSF for more than 2 h. Once the diag-
nosis of SAH is verified, vascular imaging should be performed with MR angiogra-
phy (MRA), CT angiography (CTA), or a conventional digital subtraction angiogram 
(DSA) to detect an aneurysmal source. Conventional angiograms have higher sen-
sitivity and should be performed if no aneurysm is detected on an MRA or CTA in 
a patient with a high suspicion for SAH (Class IIb evidence) [1]. Prompt identifica-
tion of an aneurysm is a high priority so that it may be secured to reduce the risk of 
a rehemorrhage.

 Risk Factors for Aneurysmal Subarachnoid Hemorrhage

Several risk factors for SAH exist, including hypertension, smoking, alcohol abuse, 
and the use of sympathomimetic drugs [1]. Data indicates a higher incidence in 
women [4], and African–Americans and Hispanics have a higher incidence than 
White-Americans [5]. The primary determinant of whether an intact aneurysm will 
rupture, is its size [6]; however, small aneurysms will still rupture in patients with 
risk factors of hypertension and smoking [7]. A patient with a first-degree family 
history of aneurysmal SAH has an increased risk of rupture over a patient without a 
family history [8]. Also, genetic disorders such as autosomal-dominant polycystic 
kidney disease and Type 4 Ehlers Danlos syndrome increase the risk for SAH.

According to guidelines of the American Stroke Association published in 2012, 
chronic hypertension should be treated as it may reduce the risk of SAH (Class 1B 
evidence) [1, 9]. Smoking appears to increase the risk of unruptured intracranial 
aneurysm formation, so smoking cessation should be advised to patients (Class IB 
evidence) [1]. Despite public health efforts to reduce risk factors such as hyperlip-
idemia, hypertension, and smoking, there has not been any significant change in the 
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incidence of SAH over the last 30 years [10]. Interestingly enough, one study 
showed that the prevalence of diabetes in the aneurysmal SAH population is actu-
ally equivalent or lower than the general population [11]. In regards to hyperlipid-
emia, the data is unclear as to whether there is a correlation in patients with SAH, 
although one study in young adults aged 20–39 showed an unfavorable outcome in 
patients with SAH with hyperlipidemia [12].

Recently, data from the SAH international trialists (SAHIT) repository was ana-
lyzed to determine the prognostic value of premorbid hypertension in SAH. The 
study noted that premorbid history of hypertension was associated with a poorer 
outcome in SAH (OR 1.73) although when adjusted for age and neurological status 
(measured on the World Federation of Neurosurgical Societies (WFNS) scale), 
there was a decrease in the effect of premorbid hypertension, with an odds ratio of 
1.37. There was also a higher chance of developing other complications including 
hydrocephalus, rehemorrhage, delayed cerebral ischemia (DCI), and cerebral 
infarctions [13].

 Management of Blood Pressure Management 
Before the Aneurysm Is Secured

The goal of blood pressure management before an aneurysm is secured is twofold: 
first, to reduce the pressure enough to decrease the chance of a repeat hemorrhage, 
and second, to not lower it too much to cause inadequate cerebral perfusion 
 pressure (CPP).

 Blood Pressure Management and Rebleeding

A retrospective review of 273 SAH patients by Ohkuma et al. showed that a sig-
nificantly higher rate of rebleeding occurs in hours 0–2 compared to hours 2–8. In 
addition, the risk of rebleeding for those with a systolic blood pressure of 
≥160 mmHg was significantly higher (odds ratio 3.1, 95 % confidence interval 
1.5–6.8) [14].

Another study in 1990 by Widjicks et al. retrospectively compared 134 patients 
with SAH for the incidence of rebleeding. The patients were divided into two 
groups: those that received antihypertensive treatment after hemorrhage for a sys-
tolic blood pressure goal less than 160 mmHg, and those that did not receive anti-
hypertensive therapy [15]. While the study found a significant difference in 
rebleeding rates between the two groups (antihypertensive group—15 % versus 
untreated—33 %, p = 0.012), cerebral infarctions were also significantly higher in 
the group treated with antihypertensives (antihypertensive group 43 % versus 
untreated 22 %, p = 0.03) [16], thus illustrating the potential consequence of  lowering 
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blood pressure to reduce rebleeding risk. The current guidelines from the American 
Stroke Association have noted Class IIa evidence that keeping the systolic blood 
pressure less than 160 mmHg in an unsecured aneurysm is reasonable [1]. The 
Neurocritical Care Society has a similar position concluding that modest elevations 
in blood pressure with a MAP < 110 mmHg does not require therapy [16].

 Blood Pressure Management and Intracranial Pressure

The concern over an excessive lowering of blood pressure is for related but different 
reasons in SAH than other forms of stroke. While perfusion of penumbra is the 
limiting concern of lowering blood pressure with ischemic stroke, maintaining an 
adequate mean arterial pressure (MAP) in the presence of raised intracranial pres-
sure (ICP), impaired autoregulation or worsening cerebral vasospasm is the main 
concern with SAH. Recall that CPP is the difference between the MAP and the 
ICP. As subarachnoid blood interferes with the reabsorption of CSF at the arach-
noid granulations, often causing increased ICPs and hydrocephalus, the ability for 
the brain to be perfused as a whole is in jeopardy.

Also, in the setting of brain injury, cerebral autoregulation may be altered [17]. 
As a result, any slight adjustment in the MAP may have a profound effect on cere-
bral blood flow. A clinical change associated with an intentional decrease in blood 
pressure may be related to exceeding the lower limit of autoregulation.

 Cerebral Vasospasm and Delayed Cerebral Ischemia

After an aneurysm is secured, attention turns to the many complications that can 
occur with SAH. Acute hydrocephalus, cerebral edema, seizures, and hyponatremia 
from SIADH or cerebral salt wasting can all complicate the course after initial sta-
bilization. Our primary focus will be what was originally termed “cerebral vaso-
spasm” as blood pressure management in SAH is the topic of this chapter. 
Angiograms performed well into the course of SAH often revealed a variation in the 
diameter of blood vessels, i.e., vasospasm, often (but not exclusively) in the distri-
bution of the hemorrhage, causing a deficit in local perfusion and consequent infarc-
tion (Fig. 11.1).

As the disease was studied, it became clear that patients occasionally have new 
deficits not attributable to any of the above complications except vasospasm, but 
without corresponding angiographic changes. This led to a paradigm shift that cere-
bral infarctions attributable to vasospasm may not be due just to variations in large 
vessel hemodynamics but also microscopic inflammatory changes. In addition to 
infarcts and clinical changes discovered in patients with normal cerebral angio-
grams, evidence from the Washington University in St Louis group has shown that 
these cerebral infarcts may be outside of the distribution of the angiographic 
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 vasospasm [18]. Consequently, clinical changes and angiographic vasospasm have 
been grouped into a condition known as DCI [18]. A proposed definition for DCI is 
the occurrence of a focal neurological deficit or a decrease of the Glasgow Coma 
Scale (GCS) by two or more points subsequent to the rupture of an aneurysm. This 
change should (1) last for at least 1 h, (2) not be apparent immediately after aneu-
rysm occlusion, and (3) not be attributed to other causes by means of clinical assess-
ment, CT or MRI scanning of the brain, and appropriate lab studies [19, 20].

The risk of developing cerebral vasospasm/DCI typically increases 3–5 days 
after the onset of the SAH and continues to day 14. It can present with almost any 
neurologic change, from a change in alertness to a focal motor deficit, depending on 
the arterial vascular distribution of the spasm [21]. The cause may be related to the 
reduced form of hemoglobin, oxyhemoglobin (OxyHb), which is present approxi-
mately 3–5 days after the blood enters the subarachnoid space and correlates with 
the time for red-cell lysis [22]. Although the exact mechanism is unclear, it is known 
that OxyHb generates activated oxygen species that can directly cause smooth mus-
cle contraction [23]. DCI may also be related to damage that occurs to the brain in 
the first 72 h after the bleed onset and is termed “early brain injury.” There are 
multiple mechanisms of early brain injury proposed, including ionic changes such 
as calcium influx, potassium efflux along with changes in serum magnesium levels, 

Fig. 11.1 Cerebral vasospasm: note the decrease in blood vessel diameter in both the anterior 
cerebral and middle cerebral arteries in panel B compared to panel A (Adapted from Fontana J, 
Moratin J, Ehrlich G, et al. Dynamic Autoregulatory Response After Aneurysmal Subarachnoid 
Hemorrhage and Its Relation to Angiographic Vasospasm and Clinical Outcome. Neurocrit Care. 
2015;23:355–63, with permission)
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inflammatory pathways, and cell death (Fig. 11.2). Cortical spreading depression 
(CSD) has also been proposed as a mechanism behind DCI [19].

The risk of DCI is likely proportional to the amount and location of subarachnoid 
blood. CM Fisher developed a scale for vasospasm risk in 1980 when he noticed 
that, based on analysis of computerized tomography (CT) scans, the risk for vaso-
spasm was significantly greater with subarachnoid blood clots larger than 5 × 3 mm 
and when there is 1 mm or thicker layers of blood in the fissures and cisterns. This 
system of grading SAHs is known as the Fisher Grade [21]. The Fisher grade ranges 
from 1 to 4 and grades subarachnoid blood seen on a CT scan. A grade of 1 indicates 
no evidence of hemorrhage. A grade of 2 indicates SAH < 1 mm thick, 3 is >1 mm 
thick, and 4 is for any thickness with intraventricular hemorrhage or intraparenchy-
mal hemorrhage. A variant of this scale is the Modified Fisher Scale that reliably 
predicts the risk of symptomatic vasospasm [24].

 Traditional Management of Blood Pressure 
After an Aneurysm Is Mechanically Secured

The classic teaching of patient management with vasospasm was to follow what was 
known as “Triple-H therapy” or “HHH.” This approach includes maintaining 
Hypervolemia, elevated blood pressure (Hypertension), and Hemodilution [25]. 
Although this practice was widely adopted, it has not been proven in a prospective, 
randomized controlled trial [26]. This concept was introduced in 1982 by Kassell 
et al., who noted that hypervolemic hypertensive therapy reversed the neurological 

Fig. 11.2 Mechanisms of early brain injury after SAH. (From Rowland MJ, Hadjipavlou G, Kelly 
M, Westbrook J, Pattinson KTS. Delayed cerebral ischaemia after subarachnoid haemorrhage: 
looking beyond vasospasm. British Journal of Anaesthesia. 2012;109(3):315–329, with 
permission)
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deterioration in proven spasm in 47 of 58 patients [27]. Awad et al. in 1987 expanded 
on this research and noted that earlier surgical intervention along with treatment of 
vasospasm with hypervolemic hemodilution (defined as maintaining a hematocrit 
of 33–38 %, a central venous pressure of 10–12 mmHg, and a systolic blood pres-
sure of 160–200 mmHg in patients with a secured aneurysm) resulted in improved 
outcomes [28]. Their study noted that after completion of the therapy, 47.6 % were 
neurologically normal, 24 % maintained a stable neurological status, and 16 % were 
noted to worsen. In 1988, Solomon et al. reported a case series with 125 patients 
with ruptured aneurysmal SAH, who were treated with prompt surgery along with 
initiation of prophylactic hypervolemic hypertensive therapy [29]. Ten patients 
developed DCI, which was reversible in six cases. This case series resulted in the 
widespread adoption of Triple-H therapy for treatment for vasospasm in patients 
with secured aneurysms.

The theory behind Triple-H therapy is largely based on the hemodynamics of a 
blood vessel with a narrowing diameter. Additionally, there is a loss of cerebral 
autoregulation thought to be secondary to a shift of cerebrovascular resistance from 
the penetrating arterioles to the major blood vessels, which occurs as the arterial 
narrowing increases. According to fluid dynamics described by Poiseuille’s Law as 
noted below:

 
Q =

D pP

L n

* *

* *

r 4

8  

In this equation, Q is flow, ∆P is the pressure gradient, r is the vessel radius, L is 
vessel length, and n is viscosity. In the setting of a significantly smaller fixed 
radius due to vasospasm, the only remaining variables to adjust flow are the pres-
sure gradient and blood viscosity [23, 30]. Figure 11.3 illustrates the normal 
functioning of cerebral autoregulation where the diameter changes to maintain 
constant flow, while Fig. 11.4 illustrates the changes that occur in cerebral vaso-
spasm and how increasing blood pressure may overcome the deficiencies in the 
pathologic flow dynamics. Consequently, the first element of “Triple H” was to 
induce hypertension with vasopressors. Hypervolemia (the second “H”) likely 
causes an increase in intravascular volume as well as causing hemodilution (the 
third “H”) which is posited to reduce viscosity, which has an inverse relation 
with blood flow.

 Systemic Complications of SAH Caused by Treatment of DCI

The treatment of SAH with “Triple H therapy” sometimes leads to systemic com-
plications limiting the use of the traditional therapy. This has led to an approach 
to attempt to limit the systemic complications to preserve the benefit of interven-
tion. The most common iatrogenic complication is pulmonary edema, which can 
be difficult to differentiate from its occurrence as a complication of SAH [16]. 
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This can lead to lower arterial oxygen saturation as well as decreased perfusion 
pressure, thus lowering delivery of oxygen to the brain. Very high crystalloid 
volume expansion is also associated with pulmonary edema even outside of any 
consistent heart failure or neurogenic pulmonary edema (discussed below) [31]. 
The frequent occurrence of pulmonary edema has led to a movement away from 
supra hypervolemic states. The most current recommendations from the 
Neurocritical Care Society emphasize euvolemia over hypervolemia [16]. This is 
corroborated by a study in 2000 by Lennihan et al., who randomized 82 patients 
post-clipping to hypervolemic therapy or euvolemic therapy, and CBF was mea-
sured using 133-xenon clearance. It was noted that despite the hypervolemic 
group receiving significantly more fluid and having higher central venous pres-
sures as well as higher pulmonary artery diastolic pressures, there was no differ-
ence in global CBF between the two groups [32]. As a result, the study 
recommended avoiding hypovolemia, but also noted that hypervolemia is 
unlikely to provide an additional benefit.

Less common complications caused by traditional triple-H therapy include dilu-
tional hyponatremia [31] as well as myocardial infarction (reported in about 2 % of 
patients). Although uncommon, hypertension induction with SAH can cause a neu-
rologic deficit by inducing a phenomenon called reversible leukoencephalopathy 
syndrome (RLS), sometimes known with the word “posterior” added to the begin-
ning. This condition was first described independent of SAH. Usually caused by an 
abrupt increase in blood pressure or found in patients being treated with immune 
suppression regiments or collagen vascular disease, the patient presents with  nausea, 

Fig. 11.3 Illustration of cerebral autoregulation with the goal of maintaining a stable cerebral 
perfusion pressure
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headache, and visual disturbances and is found to have diffuse and symmetrical 
parietal and occipital white matter edema; however, edema has been described 
 outside of these typical regions. Paramount to this diagnosis is its reversibility; 
when the offending agent is removed, the condition reverses. Multiple cases of RLS 
occurring during hemodynamic augmentation associated with SAH have been 
reported including one with CT perfusion showing increased blood volume in 
regions demonstrating edema and decreased mean transient time [33]. A review 
from the Mayo group cites three cases in the literature as well as three of their own 
where a neurologic deficit led to treatment for vasospasm followed by a further 
decline later attributed to RLS that is reversed when hemodynamic augmentation is 
reduced [34].

 Contemporary Data and Treatment for DCI

Work has been published trying to delineate which elements of “Triple H” therapy 
are actually more likely to provide benefit.

Fig. 11.4 Vasospasm alters cerebral perfusion, resulting in decreased cerebral perfusion. With 
hypertension induction, the goal is to increase perfusion pressure
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 Hypervolemia and Hemodilution

Hypervolemia and hemodilution studies have not shown a clear benefit. An animal 
stroke model showed that intravascular volume expansion can increase local blood 
flow to ischemic areas which appeared independent of MAP, the effect of which 
was limited to the extent that the animals developed heart failure. In order to assess 
whether the initial increase in cerebral blood flow may be related to the relative 
hemodilution seen in volume expansion, control animals underwent exchange 
transfusion with equivalent volumes of dextran-40 and whole blood. Blood volume 
and cardiac output were held constant and there was no alteration in local cerebral 
blood flow [35].

A study examining the effects of isovolemic and hypervolemic hemodilution in 
patients with vasospasm after SAH showed that isovolemic hemodilution caused an 
increase in global cerebral blood flow and also an increase in the volume of isch-
emic brain area with a pronounced reduction in the cerebral delivery of oxygen 
(CDRO2). These subjects underwent autotransfusion with previously removed 
blood to create a hypervolemic hemodiluted state that did not improve CBF and 
CDRO2 [36]. As an alternative to hemodilution, there has been some research eval-
uating whether maintaining higher hemoglobin levels improves outcomes. A study 
in 2006 evaluated hemoglobin  levels in 103 patients with aneurysmal SAH. It was 
noted that higher levels of hemoglobin at Day 0 along with higher mean hemoglo-
bin levels tended to predict a lower risk of cerebral infarction. In addition, higher 
mean hemoglobin levels were associated with lower odds of a poor outcome (odds 
ratio, 0.57 per g/dL; 95 % CI, 0.38–0.87; P = 0.009) [37].

 Induced Hypertension

Clinical data and animal models in SAH suggest that induced HTN, when compared 
with induced hypervolemia and hemodilution, is more effective in increasing 
regional cerebral blood flow and brain tissue oxygenation. While hypervolemic and 
hemodiluted states can slightly increase regional blood flow, they fail to improve 
brain tissue oxygenation. Triple-H therapy compared to induced hypertension alone 
failed to improve regional blood flow and the introduction of hypervolemic 
h emodilution reversed the initial effect of induced hypertension on brain tissue 
 oxygenation [38].

Data does show that hypertension induction may reverse clinical changes associ-
ated with vasospasm/DCI. A study evaluating the efficacy of hypervolemia with 
either moderately induced hypertension or aggressively induced hypertension to 
increase brain tissue partial oxygenation (PO2), as measured by tissue oxygenation 
probe in angiographically verified vasospasm after SAH, found that moderate 
hypertension in euvolemic, hemodiluted patients can be an effective method of 
improving cerebral oxygenation. Moderately induced HTN was associated with 
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lower complication rates than hypervolemia or aggressive induced HTN [39]. 
Clinical studies appear to support normovolemic induced HTN as an effective ther-
apy in reducing ischemic symptoms attributed to cerebral vasospasm [40]. It has 
also been noted that patients with ongoing angiographic vasospasm and reduced 
cerebral blood flow measured by Xenon-enhanced CT had reversal of neurological 
deficits with dopamine induced hypertension and significant increase in regional 
blood flow. Similar effects were seen with phenylephrine [41, 42].

Studies citing improved cerebral blood flow with dopamine induced hyperten-
sion in ischemic territories have found a paradoxical effect on CBF in nonischemic 
territories and, in fact, have shown decreased cerebral blood flow [43]. Studies 
using serial O-positron emission tomographic (PET) imaging have shown that cere-
bral vasospasm is related to decreased cerebral perfusion, and there is additional 
regional hypoperfusion and oligemia in patients and cerebral regions without evi-
dence of angiographic vasospasm [44]. Cerebral autoregulation is disrupted in isch-
emic and nonischemic areas associated with increased incidence of vasospasm and 
DCI after SAH [45, 46].

 Cardiac Output Augmentation

As an alternative to targeting blood pressure augmentation, cardiac output augmen-
tation with inotropic support has shown to provide benefit. Animal studies show a 
decrease in cerebral blood flow when cardiac output is decreased despite maintain-
ing stable arterial blood flow [47]. This raises the question as to whether impaired 
cerebral autoregulation in ischemic areas as seen in SAH may create a greater 
dependence on perfusion pressure from cardiac function (CO). Levy et al. showed 
that in patients who were clinically refractory to hypervolemic therapy, dobutamine 
increasing cardiac output seemed to reverse neurological deficits [48]. One study 
examining patients with vasospasm after SAH found an independent influence on 
cerebral blood flow with augmentations in cardiac output independent of MAP. In 
this study, both phenylephrine and dobutamine were equally effective in increasing 
cerebral blood flow [49]. Of note, an interesting study published in 2003 used a 
xenon blood flow tomography-based system to quantitate CBF, and noted a direct 
relationship between increases in cardiac output (CO) via the use of dobutamine 
and CBF [49].

Others argue that the solution is neither blood pressure augmentation nor car-
diac augmentation but altering the pulsatility of blood flow, as cerebral perfusion 
may not be completely dependent on CPP as a linear relationship (simple expedi-
ent). Local cerebral blood flow appears to be dependent on pulse pressure espe-
cially in ischemia. Studies comparing the effect of pulse pressure in ischemic and 
nonischemic brain showed a significant effect in cerebral blood flow when perfu-
sion was changed from non-pulsatile to pulsatile blood flow, in ischemic brain 
tissue CBF increased 55 %, the effect was much less in nonischemic brain it 
increased 16 % [47].
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 Current Recommendations

Based on current NCS clinical guidelines, patients clinically suspected of DCI 
should undergo a trial of induced hypertension (moderate quality evidence, strong 
recommendation). The choice of vasopressor should be based on the pharmaco-
logic properties of the agents (e.g., inotropy, tachycardia) (moderate quality evi-
dence, strong recommendation). Blood pressure augmentation should progress in 
a stepwise fashion with assessment of neurologic function at each MAP level to 
determine if a higher blood pressure target is appropriate (poor quality evidence, 
strong recommendation). While there was no clear consensus on specific MAP or 
SBP ranges used, a targeted percent increase from baseline of 20 % is typically 
used. Blood pressure targets should be adjusted based on individual patient 
response to initial elevation of blood pressure. Common medications, dosing, and 
blood pressure parameters used in the induction of hypertension are illustrated in 
Table 11.1.

If patients with DCI do not improve with blood pressure augmentation, a trial of 
inotropic therapy may be considered (low quality evidence, strong recommenda-
tion). There is no specific blood pressure cutoff for supramaximal HTN before tran-
sition to inotropes (although most studies maintained SBP < 220), the indication for 
inotrope was lack of response to induced hypertension. Some centers avoid use of 
inotropes given concern for reduction in blood pressure. Inotropes with prominent 
B-2 agonist properties (e.g., dobutamine) may lower MAP and require increases in 
vasopressor dosage (high quality evidence, strong recommendation) [16]. In the 
studies reviewed there was mainly invasive pulmonary arterial (Swanz-Ganz) cath-
eter monitoring of cardiac output with use of inotropes [48, 49]. A particular means 
of measuring volume and pressure augmentation is not recommended, however 
placement of central lines and/or pulmonary artery catheters may not provide an 
advantage over noninvasive technologies.

 Complications of SAH That May Limit Blood Pressure 
and Volume Augmentation in the Treatment of DCI

Besides the cardiopulmonary complications caused by the treat of DCI, the inflam-
matory state induced by an aneurysmal rupture can causes several systemic compli-
cations limiting the modification of blood pressure to maximize cerebral perfusion. 
Cardiac dysfunction as a result of SAH is not uncommon. A review of 617 patients 
with SAH found that 14.1 % of them had features concerning for a cardiac evalua-
tion with 46 % of them having a myocardial infarction, 63 % an arrhythmia, and 
31 % of them having heart failure [50]. Stress cardiomyopathy (SCM) is a well- 
documented feature of SAH. While its pathophysiology is not completely under-
stood, a massive cardiac response likely caused by a catecholamine surge associated 
with the initial hemorrhage can lead to diffuse ECG changes, cardiac ischemia, and 
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cardiac failure. This heart failure is self-limited and will often resolve within days 
to weeks.

Paramount in distinguishing SCM as its own entity is that the distribution of the 
cardiac failure is not consistent with a single vascular territory as seen in coronary 
artery disease. The classic presentation includes apical left ventricular dysfunction, 
which led to the description of the phenomenon as “Takotsubo Cardiomyopathy” as 
it is similar in appearance to a trap used by Japanese fishermen to catch octopus 
(Fig. 11.5); however, there are also subtypes where the dysfunction is primarily in 
the basal segment. A series of 2276 patients found that 79.9 % of cases have apical 
ballooning while the remainder had apical sparing [51]. This phenomenon is likely 
not restricted to SAH and has been reported in acute ischemic stroke as well as 
peripheral nervous disease, and seizure [52, 53].

Managing heart failure in these patients is extremely challenging while balanc-
ing strategies to reduce the likelihood of DCI; the usual method of hypervolemia 
and hypertension with SAH are the antithesis of the approach of managing acute 
heart failure. Usually, afterload reduction and diuresis with lowering of blood pres-
sure and the avoidance of peripheral alpha constriction are helpful in heart failure; 
however, these strategies may lead to reduced cerebral perfusion at a most delicate 
point in vasospasm management. The best approach is to manage the heart failure 
only as much as is necessary to allow for adequate forward flow and acceptable 

Fig. 11.5 Takotsubo cardiomyopathy: left ventricle changes in size and shape
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amount of pulmonary edema without decreasing alveolar to arterial oxygenation. If 
possible, tolerate the heart failure during the period of maximum likelihood of cere-
bral vasospasm and correct the failure when the risk has lessened. Often, the natural 
history of heart failure caused by SAH is short-lived and may improve without the 
need for specific interventions.

Respiratory insufficiency and failure are also common with SAH. A review of 70 
patients with SAH showed that 80 % had some impairment of oxygenation with 
14 % with pneumonia, 16 % with neurogenic pulmonary edema, 27 % from atelec-
tasis and the remained without a defined etiology [54]. While this study did not 
show a correlation between respiratory issues and vasospasm, another found that 
symptomatic vasospasm (vasospasm with a clinical change) increased in frequency 
from 31 to 63 % for those with respiratory issues (P < 0.001) [55]. “Neurogenic 
pulmonary edema” is likely caused by the same inflammatory cascade or catechol-
amine surge SCM, this time causing a change in pulmonary capillary bed pressure 
or permeability [56]. As this condition is not necessarily caused by heart failure or 
volume overload, it does not always respond to diuresis in the same manner as other 
causes of pulmonary edema.

 Summary

SAH is a neurological emergency affecting anywhere between 9.7 and 14.5 in 
100,000 adults yearly within the United States. Risk factors for SAH include hyper-
tension, smoking, alcohol use, and the use of sympathomimetic drugs. Patients will 
frequently describe it as being the “worst headache of my life.” If there is concern 
for SAH, a prompt head CT should be obtained, and if negative, an LP should be 
performed. If a diagnosis of SAH is made, vascular imaging to identify a source of 
the hemorrhage should then be pursued.

Guidelines from the American Stroke Association have suggested maintaining a 
systolic blood pressure < 160 mmHg or MAP < 110 mmHg in the setting of an unse-
cured aneurysm. Once the aneurysm has been secured, the next key in management 
is avoidance of DCI. This was initially thought to be due to vasospasm, but data 
now shows that patients can have deficits without evidence of vasospasm. The risk 
of DCI increases around days 3–5 and continues to day 14. Several mechanisms 
have been proposed that contribute to DCI.

Current data suggests that Triple-H therapy, which was once widely adopted in 
the practice of prevention of diffuse cerebral injury, can cause systemic complica-
tions, particularly pulmonary edema, that result in higher risk than reward. The 
current recommendation is for induced hypertension; MAPs should be titrated in a 
stepwise manner with a focus on the effects on the neurological exam to determine 
a need for further titration. Management of SAH and diffuse cerebral injury contin-
ues to evolve as our understanding of the disease process and its associated compli-
cations are better understood.
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    Chapter 12   
 Recurrent Stroke Prevention: Diuretic 
and Angiotensin-Converting Enzyme 
Inhibitors (ACEIs)—The PROGRESS Trial                     

     Thomas     K.  A.     Linden       and     Geoffrey     A.     Donnan     

          Background to the Progress Study 

 The rationale and design of the Perindopril Protection Against Secondary Stroke 
Study (PROGRESS) was published in 1996 [ 1 ], while recruitment had already 
commenced in 1995. The  study design   involved a randomized, double-blind, 
placebo- controlled trial approach in which the blood pressure-lowering component 
was the angiotensin-converting enzyme inhibiting agent perindopril with and with-
out the addition of the thiazide-like diuretic indapamide. The primary outcome 
measure was recurrent stroke of all types (fatal, nonfatal, ischaemic and hemor-
rhagic).  The   total sample size was over 7000 patients from almost 200 centres in ten 
countries worldwide with a follow-up of a mean 4 years. The major fi ndings were 
published in 2001. PROGRESS was the fi rst study to show defi nitively that  ACEI- 
based blood pressure-lowering regimens   reduced the risk of recurrent stroke. This 
was particularly for haemorrhagic stroke and, importantly, was independent of 
baseline blood pressure. In other words, the benefi ts were not only for hypertensive 
patients, but for all participants. 

 Before PROGRESS, there was quite strong evidence that treatment of  hyperten-
sion   was a powerful means of primary stroke prevention ( see  Chaps.   2     and   3    ). 
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A number of  meta-analyses   of the existing evidence established that blood pressure 
reduction was associated with fewer incident stroke events [ 2 ] and there was a view, 
however questioned, that the introduction of blood pressure-lowering agents since 
the 1950s was a major contributor to the gradual reduction of mortality from stroke 
from about that time [ 3 ]. It was apparent that there was a linearly increasing risk 
between elevation of blood pressure and risk for stroke based on both epidemiologi-
cal and clinical trial evidence [ 4 ]. Some suggested that there may be a J-shaped 
relationship between blood pressure and stroke risk [ 5 ]. However, the evidence 
regarding risk for recurrent stroke and its association with blood pressure was less 
clear. Perhaps some of the more persuasive information came from a further analy-
sis of the  United Kingdom Transient Ischemic Attack Study   [ 6 ], which was pub-
lished at about the time of the commencement of PROGRESS. The authors were 
able to demonstrate that in people with established cerebrovascular disease, blood 
pressure level is an important risk factor not only in the hypertensive range, but also 
in what in many countries still today is considered normotensive (Fig.  12.1 ).

   An important inference from the study was that a consistent 5 mmHg lowering 
of blood pressure would yield a secondary stroke risk reduction by a third. 
Interestingly, there was no “safe” blood pressure level, thus establishing the con-
tinuous relationship between blood pressure and stroke risk and questioning the 
concept of the J-shaped curve. 

 The UKTIA study was, however, not a  blood pressure-lowering treatment   trial. 
As mentioned earlier, the effect of hypertension treatment on fi rst-stroke incidence 
had been studied in a meta-analysis approach comprising almost 50,000 individuals 
and 5 years of follow-up from the  Hypertension Detection and Follow-up Programme 
(HDFP)  , the  Medical Research Council Hypertension Trial (MRC)  , the  Systolic 
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  Fig. 12.1    The  UKTIA study   showed the association between rising blood pressure and increased 
risk for stroke, both for diastolic and systolic blood pressure and also in normotensive individuals 
(From Rodgers A, MacMahon S, Gamble G, Slattery J, Sandercock P, Warlow C. Blood pressure 
and risk of stroke in patients with cerebrovascular disease. The United Kingdom Transient 
Ischaemic Attack Collaborative Group. BMJ (Clin Res Ed). 1996;313(7050):147, with 
permission)       
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Hypertension in the Elderly Trial (SHEP)   and 13 smaller trials [ 7 ]. The mean effect 
of the average decline in blood pressure of 6 mmHg was a relative reduction of 
38 %, equally for fatal and non-fatal, strokes (Fig.  12.2 ).

   The initial attempts to establish the effect of  blood pressure   lowering as a sec-
ondary stroke prevention strategy produced two studies with confl icting results ( see  
Chaps.   2     and   3    ). Both were conducted during the 1970s and were diuretic based. 
One showed a signifi cant secondary stroke risk reduction [ 8 ], but the other did not 
[ 9 ]. The pooled data of these two studies estimated, however, a reduced secondary 
stroke risk from antihypertensive treatment by 38 %, but with a large confi dence 
interval. The uncertainty was increased by the more recently published  Dutch TIA 
trial   [ 10 ] and the  Swedish TEST trial   [ 11 ]. Both of these were atenolol-based stud-
ies, produced relatively small decreases in blood pressure and were negative. The 
effi cacy of atenolol in cardiovascular disease prevention has been questioned, and 
its use as a fi rst-line agent more recently has been banned by the National Institute 
of Clinical Excellence in the United Kingdom. The combined results from these 
four trials predicted only a 19 % decrease in secondary stroke risk by  hypertension 
treatment  —a fi gure thus much lower than that which could be inferred both from 
primary prevention trials and epidemiological studies. Some support for these mod-
est possible secondary prevention effects came from some experimental studies. 
For example, the suggestion that chronic treatment of spontaneously hypertensive 
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  Fig. 12.2    Stroke odds ratio reduction in pooled unconfounded  antihypertensive drug trials   com-
prising almost 50,000 patients and 5 years of follow-up.  Solid squares  represent the treatment: 
control odds ratios. The  squares’ sizes  correspond to the relative weight of the trial in the pooled 
measure. The  horizontal lines  denote 95 % confi dence intervals for the individual or combined 
studies, as does the  diamond shape  for the pooled data (From Collins R, MacMahon S. Blood pres-
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rats with  ACEIs   caused regression of vascular changes associated with the develop-
ment of hypertension [ 12 ]. 

 These uncertainties provided the major rationale for the PROGRESS study. At 
the time,  antihypertensives   were not considered standard treatment for stroke 
patients and their value was debated. The high recurrence of stroke after the initial 
event was already known but became even more evident after the publication of the 
UKTIA trial (5 % stroke recurrence in the fi rst year and 3 % for each of the follow-
ing 4 years). The introduction of ACEIs as potent antihypertensive agents into clini-
cal practice also constituted a strong rationale for conducting the trial. 

    Perindopril and Indapamide 

 Perindopril is an inhibitor of  the    angiotensin-converting enzyme (ACE)  , a kinase 
that converts  angiotensin I (AT1)   to  angiotensin II (AT2)   by stripping its two termi-
nal amino acids. This translates into lower blood pressure by decreased concentra-
tions of the strong vasoconstrictor AT2.    Perindopril exerts its action by reducing 
peripheral vascular resistance with resulting decreased blood pressure, increased 
peripheral blood fl ow (in particular in end organs as the brain and the kidney) with 
no change in heart rate. ACE also inactivates bradykinin which constitutes a pro-
posed adjuvant blood pressure-lowering mechanism.    Increasing the activity in the 
kallikrein–bradykinin system is believed to be the mechanism behind the cough that 
may occur with ACE inhibitors [ 13 ].    Perindopril is converted in the liver into its 
active metabolite perindoprilat, which is its only metabolite with  ACE-inhibiting 
properties  . Perindopril is eliminated via the urine with an effective half-life of just 
over 24 h, which allows steady state after 4 days and once-daily dosage. The 
decrease in blood pressure stabilizes rapidly, normally within a month. Perindopril 
has been shown effective in mild, moderate as well as severe hypertension [ 14 ] 
(Fig.  12.3 ).

   Indapamide is a diuretic chemically related to the thiazide-class diuretics. It 
increases the secretion of salt and water by inhibiting the resorption of sodium and 
chloride in the kidneys’ distal tubuli. This leads in turn to increased excretion of 
potassium and magnesium. Its immediate blood pressure-lowering effect is a result 
of the decreased plasma volume, while the long-term blood pressure lowering is to 
a larger extent accountable to a decrease of the total peripheral vascular resistance 
[ 15 ]. Indapamide is rapidly absorbed from the gastrointestinal tract and immedi-
ately active. It is mainly eliminated through metabolization and urinary excretion. It 
can be given once daily, and steady-state plasma concentration is reached within a 
week. Indapamide has been proven effective in clinical studies of mild and moder-
ate hypertension, but is to be combined with another class of drugs in severe hyper-
tension. Thiazides and related diuretics show a plateau effect in its antihypertensive 
action, while side effects are dose related. 

 The treatment of hypertension with perindopril and indapamide shows an addi-
tive synergistic effect from both drugs.    Further, the  ACEI   lessens the risk for 
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  hypokalemia  , which is a common clinical problem in the treatment of hypertension 
with thiazide diuretics.   

    Design of the Progress Trial 

    Organization 

 PROGRESS was  an   academic initiative and conducted as an industry-independent, 
multicentre study. The trial was coordinated by the University of Auckland, New 
Zealand, but directed from seven regional centres in Australia, China, France, Italy, 
Japan, Sweden and the United Kingdom. An independent monitoring committee 
was established to oversee unblinded safety data throughout the course of the study. 
The aim was to determine balance of benefi ts and risks conferred by an ACE-
inhibitor- based blood pressure-lowering regimen among patients with a history of 
stroke or TIA and a wide range of blood pressure at entry. The trial design was that 
of a secondary stroke prevention study and thus included patients with already man-
ifest  cerebrovascular disease  , defi ned as TIA (also amaurosis fugax) or stroke 
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  Fig. 12.3    By the action of renin,  angiotensinogen (AG)   is converted to angiotensin I (AT1) and 
then by the action of angiotensin-converting enzyme (ACE) to angiotensin II. There are however 
alternative  metabolic routes   to AT2 from AT1, and also directly from AG. AT2 exerts a blood 
pressure increasing effect by increasing vasoconstriction, but has also other effects. AT2 also 
negatively feeds back on renin, modulating its action. ACE also inactivates the cytokine bradyki-
nin, which may be responsible for some of the ACE inhibitor specifi c side effects       
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(ischaemic or haemorrhagic with the exception of subarachnoid haemorrhage) 
within the past 5 years. Given that this was a pharmacological treatment trial, the 
inclusion and exclusion criteria stipulated that participants could not have a contra-
indication for any of the interventional compounds or have a medical condition that 
could preclude full participation in the study. Importantly, patients did not need to 
be hypertensive (defi ned as blood pressure above 160 mmHg systolic or 90 mmHg 
diastolic) to be included.  In   other words, patients were treated with blood pressure- 
lowering agents or placebo even if they were normotensive at entry. Patients who 
were already on ACEI were not excluded, but it was recommended that those treated 
with other antihypertensives were preferred. 

 The sample size was calculated from the conservative ( see  the UKTIA study [ 6 ] 
above) assumption of a 1.5–2 % annual rate of recurrent stroke and a blood pressure 
difference between those on active substance and placebo of 4 mmHg. Sampling for 
a 90 % power of detecting a 30 % secondary stroke risk reduction over 4–5 years 
would require a minimum of 200 strokes in the control group and thus 3000 patients 
in each treatment arm. 

 The main outcome of the study was recurrent stroke, ischaemic or haemorrhagic, 
by the WHO defi nition [ 16 ]. Secondary outcomes in the main study included stroke, 
death or disability at 6–12 months, and total serious cardiovascular events including 
death, cognitive impairment, disability and dependency by the Barthel [ 17 ] and 
Lindley [ 18 ] classifi cations. A number of substudies were incorporated such as the 
investigation of genetic variations [ 19 ], impacts of age [ 20 ], sex  and   region [ 21 ], 
diabetes [ 22 ], silent brain infarcts [ 23 ], platelet volume [ 24 ], natriuretic peptide [ 25 ] 
and C-reactive protein [ 26 ], cerebral white-matter changes [ 27 ], blood lipids [ 28 ], 
infl ammation and haemostasis [ 29 ,  30 ], atrial fi brillation [ 31 ] as well as health 
services- related research [ 32 ,  33 ].   

    Implementation of the Trial 

 Patients were selected by clinicians at participating centres in Australia, Belgium, 
China, France, Japan, Italy, New Zealand, Sweden and  the   United Kingdom. After 
informed consent, all participants entered an open-label run-in phase during which 
all were given perindopril increased up to 4 mg/day over 4 weeks. The study group 
chose this rather unconventional design to test in all eligible patients whether they 
tolerated the study drug before randomization, thus minimizing the number of drop-
outs due to non-tolerance and increasing study power. At randomization, patients 
were allocated to active substance or placebo. If there was a contraindication to 
diuretics, this determined as to whether it was added to the randomized perindopril 
or placebo (clinician discretion). Otherwise, randomization to active substance 
inferred giving both perindopril and indapamide or placebo. The daily dose was 
4 mg of perindopril and 2.5 mg of indapamide, except for in Japan where 2.0 mg 
was the standard dose, due to local regulations.    The randomization procedure 
involved stratifi cation for age group, sex, region and baseline blood pressure as well 
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as stroke subtype and mono/combination therapy. The patients were then seen after 
2 weeks, 1, 3, 6, 9 and 12 months and then half-yearly for the duration of the study.  

    Results 

 From the 7121 patients entering the run-in phase, 1016 withdrew during the subse-
quent 4 weeks. The main reasons were blood pressure-lowering related causes, 
including dizziness (3.4 %), the ACEI specifi c cough (2.7 %) and proposed intoler-
ance (2.3 %). This left 6105 patients for randomization by the above-mentioned 
procedure—3051 to active treatment and 3054 to placebo. Fifty-eight percent of 
patients in both groups were assigned to combination therapy (Fig.  12.4 ). When the 
 inclusion phase   was over, baseline characteristics were presented [ 34 ,  35 ] showing 

  Fig. 12.4    The  design and logistics   of the PROGRESS trial. An eligible 7121 patients went 
through the run-in phase to yield the 6000+ patients tolerating the trial drug and ready to be 
included in the study (From PROGRESS Collaborative Group. Randomised trial of a perindopril- 
based blood-pressure-lowering regimen among 6105 individuals with previous stroke or transient 
ischaemic attack. Lancet. Sept 29 2001;358(9287):1033–41, with permission)       

 

12 Recurrent Stroke Prevention…



222

a balanced distribution between patients on active treatment and placebo, respec-
tively. About half of all randomized patients were classifi ed as hypertensive from 
their blood pressure at the fi rst visit. The mean initial blood pressure for all partici-
pants was 147/86 and 159/94 mmHg among those classifi ed as hypertensive. The 
mean blood pressure of non-hypertensive patients was 136/79 mmHg. The assign-
ment to single or  combination therapy   was, however, not randomized and was based 
on individual clinician preference. The patients allocated to combination treatment 
were younger, to a larger extent men, had higher blood pressure and more often had 
coronary heart disease.

   The mean follow-up time for those surviving for the length of the study was 
4.1 years, and a mean 3.9 years for all those patients entered, or a total of 23,782 
patient-years. Twenty-two percent of the patients had discontinued their medication 
at the end of the study (or their death before that), equally distributed among patients 
on active treatment or placebo and hypertensive or normotensive. In patients receiv-
ing active treatment, 11.9 % discontinued it because of an active decision to do so, 
or side effects such as 2.2 % due to cough. An additional 2.2 % were diagnosed with 
heart failure and were actively treated with an  ACEI  . In the placebo group, 9.5 % 
discontinued medication because of an active decision to do so, or because of side 
effects. An additional 2.3 % discontinued because of heart failure. During the course 
of the trial, only three cases of angio-edema were recorded, none of them fatal. 

 For the whole study base, patients assigned to active treatment had a  systolic 
blood pressure reduction   of 9.0 mmHg compared to patients assigned to placebo, 
and a diastolic blood pressure reduction of 4 mmHg. These differences appeared 
shortly after the initiation of treatment and then were maintained without much 
change during the remainder of the study (Fig.  12.5 ).

   The reduction of blood pressure was much greater, 12/5.0 mmHg, among the 
patients on combination therapy compared to 4.9/2.8 mmHg for those on ACEI 
monotherapy. The blood pressure reduction did not differ much between patients 
classifi ed as normotensive or hypertensive at study entry. 

 During the course of the trial, 727 stroke events were recorded in the partici-
pants. This affected 10 % ( n  = 307) of the active-treatment group and 14 % ( n  = 420) 
of the patients that were given placebo, yielding a relative risk that was 28 % 
(95%CI: 17–38 %) lower in the  perindopril/indapamide group  . The distribution of 
ischaemic to haemorrhagic stroke was about 5:1 and similar in both groups. There 
were, however, more strokes in the placebo group with a fatal or disabling outcome 
(Fig.  12.6 ).

   The cumulative incidence curves diverged after about 6 months and continued to 
separate throughout the remainder of the study. The active-treatment arm had a 
yearly incidence of 2.7 % compared to 3.8 % in the placebo group. This was not 
modifi ed by subgrouping  ischaemic/haemorrhagic stroke  , time from stroke to 
enrollment or ethnic background. The two treatment arms showed the same picture 
for incidence of major vascular events with an annual incidence in the treatment 
group of 4.1 % compared to 5.5 % in the placebo group (Fig.  12.7 ).

   When patients treated with the combination of perindopril and indapamide were 
considered separately, they were found to have had a blood pressure lowering of 
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  Fig. 12.5     Blood pressure change   in study groups. A 9/4 mmHg drop in blood pressure in the 
active-treatment group was observed soon after institution of treatment that remained more or less 
unchanged during the course of the study (From  PROGRESS    Collaborative Group. Randomised 
trial of a perindopril-based blood-pressure-lowering regimen among 6105 individuals with previ-
ous stroke or transient ischaemic attack. Lancet. Sept 29 2001;358(9287):1033–41, with 
permission)       
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  Fig. 12.6    Cumulative incidence of stroke in the two  treatment arms   of the PROGRESS trial. After 
a similar incidence for the fi rst 6 months, there is markedly lower incidence in the active-treatment 
arm for the remainder of the study (From PROGRESS Collaborative Group. Randomised trial of 
a perindopril-based blood-pressure-lowering regimen among 6105 individuals with previous 
stroke or transient ischaemic attack. Lancet. Sept 29 2001;358(9287):1033–41, with permission.)       
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12/5 mmHg (as mentioned earlier) and had a 43 % lower risk of recurrent stroke. This 
was signifi cantly different from the effect of monotherapy, where there was an 
observed 5/3 mmHg lowering of blood pressure and a recurrent stroke risk indistin-
guishable from that of the placebo group. This absence of effect remained after  sub-
group stratifi cation  . The effect of the combination therapy was observed in all 
subgroups as well, with a risk reduction of 46 % for fatal or disabling stroke, 36 % for 
ischaemic stroke and 76 % for haemorrhagic stroke, but with a large (95%CI: 55–87 %) 
confi dence interval. The same picture was observed for secondary outcome events. 
 Combination therapy   reduced the risk of major vascular events by 40 % compared to 
placebo, while treatment with perindopril only did not. Combination therapy was also 
associated with a 42 % reduction in non-fatal myocardial infarction. 

 During the course of the study, 1026 patients had a major vascular event of which 
379 were fatal. Patients in the active-treatment group had fewer non-fatal strokes, 
deaths from coronary heart disease and non-fatal myocardial infarction. The rate of 

  Fig. 12.7    Effects of active  treatment vs. placebo   on stroke and major vascular events in subgroups 
of patients [ 34 ]. The position of  black squares  represents the effect size and their area the underly-
ing number of patients in subgroups with  horizontal lines  denoting 95 % confi dence interval of the 
effect size. The  diamonds  denote the overall  effect    size and its confi dence interval       
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overall vascular death was, however, not discernable between groups. During the 
follow-up period 625 patients died, of whom 379 from vascular causes, but this was 
similar between treatment groups. The number of  hospital admissions   during the 
study was 9 % lower in the active-treatment group, and their median hospital stay 
was 2.5 days shorter (Fig.  12.8 ).

  Fig. 12.8    Effects in study arms on subtypes of stroke, major  vascular events and mortality  .  MI  
myocardial infarction. Conventions as in Fig.  12.5  (From PROGRESS Collaborative Group. 
Randomised trial of a perindopril-based blood-pressure-lowering regimen among 6105 individuals 
with previous stroke or transient ischaemic attack. Lancet. Sept 29 2001;358(9287):1033–41, with 
permission)       
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   The PROGRESS investigators also published data on the effect of  Perindopril- 
based therapy   on cognitive decline [ 36 ]. Patients meeting DSM-IV dementia crite-
ria were recorded in 6.3 % ( n  = 193) of the actively treated participants compared to 
7.1 % ( n  = 217) in the placebo group, resulting in a non-signifi cant 12 % risk reduc-
tion. However, the risk for overall cognitive decline, measured as a 3-or-more-point 
decline in the  Mini-Mental-State-Examination   [ 37 ], was 19 % (9.1 % vs. 11 %; 95 % 
CI: 4–32 %) less in the group receiving active treatment. In the subgroup analysis, 
there was a signifi cant 34 % reduction of risk for the composite measure “dementia 
with recurrent stroke”. 

 To summarize the overall PROGRESS results, blood pressure lowering with a 
p erindopril-based regime   showed a signifi cant 28 % risk reduction on the primary 
outcome measure of recurrent fatal or non-fatal stroke of any type. This was the fi rst 
study to defi nitively show that  blood pressure   lowering could be an effective sec-
ondary stroke prevention strategy. Importantly, the benefi ts were independent of the 
baseline blood pressure; in other words, the participants did not need to be hyper-
tensive to benefi t from active treatment and normotensive participants had similar 
reductions in recurrent stroke risk. While taken in the context of subgroup analyses, 
combination therapy was particularly effi cacious, as was the effect on the likelihood 
of developing intracerebral haemorrhage as an outcome event.  

    Context and Interpretation 

 The same lack of evidence or confl icting study data that constituted the rationale for 
the PROGRESS study also inspired other researchers to investigate related research 
questions at around the same time. For example, data from the  Heart Outcomes 
Prevention Evaluation (HOPE) study   [ 38 ], the  Losartan Intervention for Endpoint 
Reduction in Hypertension (LIFE) study   [ 39 ] and the Study on Cognition and 
Prognosis in the Elderly (SCOPE) study[ 40 ] were published and provide support 
for as well as contrast to the PROGRESS fi ndings. As previously mentioned, the 
clear message from  the    PROGRESS study was that blood pressure lowering sig-
nifi cantly lowers the risk of recurrent stroke and that this is not restricted to certain 
stroke subtypes, age groups, gender, hypertensive or normotensive status. Further, 
the treatment regime was also proven feasible and safe, with only a few percent of 
withdrawals during the 4 years of the study and only  a    slight excess of minor side 
effects in the active-treatment group over placebo. It also showed that the  J-shaped 
risk curve   concept suggested by previous studies was most likely the result of con-
founding, since the effect of active treatment was the same regardless of baseline 
blood pressure. 

 The HOPE trial provides one of the most important comparisons to the 
PROGRESS study. Here, the investigators studied the ACEI ramipril, which in 
monotherapy in stroke patients yielded a 3/1 mmHg blood pressure reduction, a 
32 % secondary stroke risk reduction and a 20 % myocardial infarction risk reduc-
tion compared to placebo. This was a stronger risk reduction than predicted from 

T.K.A. Linden and G.A. Donnan



227

epidemiological data alone, consistent with the PROGRESS fi ndings and led to the 
hypothesis of a secondary stroke risk lowering effect by ACEIs which is additive to 
the effects of lowering blood pressure alone. However, this must be balanced by the 
fi nding that when a subset of HOPE patients were studied with 24 h blood pressure 
monitoring, the blood pressure reduction was greater. Also, the patients with the 
lowest baseline blood pressure did not show benefi t of ramipril in the HOPE study. 

 Although the LIFE study design was quite different in that asymptomatic hyper-
tensive patients with left ventricular hypertrophy were recruited, the results were of 
importance in the context of PROGRESS. The effects of losartan, an  angiotensin II 
type 1 receptor blocker (ARB)  , belonging to another class of agents modulating the 
 renin–angiotensin–aldosterone system (RAAS)   were investigated. When compared 
to a beta blocker, atenolol, there was a stroke risk reduction despite no between- 
groups difference in blood pressure, thus strengthening the additive-effect- 
hypothesis for agents interfering with the RAAS system. The LIFE investigators 
also found a 25 % diabetes incidence reduction in the treatment group, adding 
another proposed benefi t to these classes of drugs. The SCOPE trial investigators 
studied candesartan, another ARB class drug, compared to placebo in elderly mildly 
hypertensive persons, fi nding a 28 % reduced stroke risk, seemingly independent of 
blood pressure lowering. In addition, other studies have shown ACEIs and ARBs 
may reverse functional cardiac failure [ 41 ] and promote vascular remodelling [ 42 ]. 
Two other studies later added to the knowledge base on RAAS modulators: The 
ONTARGET [ 43 ] study investigated the ARB telmisartan, the ACEI ramipril, or 
the combination of both for reducing vascular outcomes including stroke in people 
over 55 years old with vascular disease. The TRANSCEND [ 44 ] study investigated 
telmisartan against placebo in patients that were candidates for treatment with but 
showed adverse effects to ACEI. Since up to one in fi ve patients are intolerant to 
ACEI, there was hope that ARB treatments would be more feasible and still give the 
same vascular protection. The HOPE study had already showed benefi t of ramipril 
in a similar cohort and the intention of ONTARGET was to show, besides greater 
protection by the ACEI + ARB combination, that ARB was better tolerated and not 
inferior in effect to ramipril. It failed, however, to show any effect of the combina-
tion beyond that of either drug alone, while there were more adverse effects, and 
this despite 2.4/1.4 mmHg greater blood pressure lowering. The TRANSCEND 
study could not show any benefi t of telmisartan over placebo in reducing neither 
primary nor secondary outcomes, maybe due to under-powering caused by a lower 
than expected event rate in the study or the fact that many of the subjects had 
received  RAAS modulators   already before randomization into the study. The 
PROFESS [ 45 ] study failed to show benefi t of telmisartan over placebo for protec-
tion against recurrent stroke in 20,000 stroke patients despite a 3.8/2.0 mmHg lower 
blood pressure in the ARB group, thus weakening the support for effects of this 
drug class on recurrent stroke. However, less than half of the patients were followed 
for at least 2 years. 

 There are pragmatic implications of the results of the PROGRESS trial. For 
example, if there is a linear relationship between blood pressure and stroke risk, it 
seems reasonable that stroke sufferers be prescribed antihypertensive treatment 
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even though they fall short of being diagnosed as hypertensive. The fi nding that 
perindopril alone did not result in as much protection against secondary stroke 
unless a thiazide-like diuretic ( indapamide  ) is added has been widely debated. The 
difference should fi rst be considered in the context of the subanalysis and then in the 
degree of blood pressure achieved. The 5/3 mmHg blood pressure lowering would 
be associated to an anticipated 30 % reduction in secondary stroke risk [ 46 ]. 
Subsequent studies have investigated whether the effects of this particular combina-
tion are unique, a class effect between any ACEI (or even ARB) and diuretic or 
rather attributable to the blood pressure lowering per se. The latter has in subse-
quent meta-analyses seemed more likely, both in general [ 47 ] and regarding specifi c 
questions as baseline blood pressure [ 48 ], body mass index [ 49 ] or cardiovascular 
risk [ 50 ]. The fact that individual study physicians decided on monotherapy or com-
bination therapy may also have contributed to a confounding of the results, select-
ing patients that most would have benefi ted from perindopril. The study was not 
powered to answer the question of secondary stroke risk reduction by indapamide 
treatment alone. The Chinese PATS [ 51 ] trial however evaluated indapamide 
against placebo for stroke risk reduction in 5665 patients and reported a hazard ratio 
of 0.71 (95 % CI 0.58–0.88). A report from the  Blood Pressure Lowering Treatment 
Trialists’ Collaboratio  n found all major classes of antihypertensives effective in 
preventing fi rst strokes. So, is secondary stroke prevention different and which 
should be the drug of choice? We still lack fi nal evidence on whether there are 
strong class effects of ACEIs [ 52 ] or whether individual drug characteristics within 
the class outweigh the common features. Further, genetic profi ling and drug substi-
tution studies [ 53 ,  54 ] suggest that antihypertensive treatment may yet need indi-
vidual tailoring of  pharmacotherapy   for optimizing results, for instance, depending 
on whether individuals are high-renin, low-renin or aldosterone-sensitive. Recent 
developments in gene-wide association studies have suggested potential targets for 
further research. 

 Regardless, PROGRESS results have provided a milestone of specifi c evidence 
for secondary stroke prevention. The effect of the tested intervention is quite power-
ful with the possibility to avoid one serious vascular event in every 11 patients 
treated with perindopril and  indapamide      over 5 years, in addition to those of other 
preventive measures such as  lifestyle adjustment   and the use of antiplatelet agents 
or statins. The PROGRESS results have changed the way we approach blood pres-
sure lowering in stroke patients. Its legacy is that it has manifested itself as the 
realms of standard poststroke management.     
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       Hypertension is considered by many experts to be the “crown jewel” of stroke 
 prevention as it is the most important modifi able risk factor for stroke [ 1 – 3 ]. Blood 
pressure has been determined traditionally with a cuff in the offi ce that determines 
systolic and diastolic measures based on appearance and disappearance of the 
 Korotkoff sounds  , respectively. Multiple blood pressure studies have led to a 
 substantial body of scientifi c data recognizing raised blood pressure as a major risk 
factor for stroke [ 4 – 6 ]. Observations in the early 1990s showed that  mean blood pres-
sure   lowering alone might not explain all of the benefi t of  antihypertensive therapy   
[ 7 ]. The theme was revisited by Rothwell et al. in 2010, and these investigators showed 
that visit-to-visit systolic blood pressure variability, independent of mean blood pres-
sure, predicted stroke, and certain blood pressure lowering agents were more effective 
in reducing blood pressure variability based on clinical trial evidence [ 8 – 11 ]. In this 
chapter we review circadian patterns and types of blood pressure  variability and dis-
cuss blood pressure variability as a risk for stroke, the means to measure it, its 
long-term consequences, and how blood pressure variability is being incorporated 
into stroke prevention guidelines for diagnosis and treatment of hypertension. 
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     Circadian Blood Pressure  ,  Blood Pressure Variability  , Its 
Signifi cance and Long-Term Consequences 

 Circadian rhythms play a crucial role in the function of cardiovascular and 
 cerebrovascular systems. They are intrinsically regulated by the circadian system 
which involves hypothalamic nuclei and other components of autonomic nervous 
system. There are also various other neuronal and hormonal circuits involved in 
the circadian system. These circuits work through a complicated interaction, 
which connects directly or indirectly and provides output to various organs 
including the heart, brain, and blood vessels [ 12 – 14 ]. This system is responsible 
for diurnal variations and oscillations in our heart rate and blood pressure over 
24 h periods. Normally, blood pressure displays a daily rhythm and is highest in 
the morning and falls progressively to reach its lowest level during sleep. Thus, 
one’s pulse and blood pressure exhibit signifi cant time-of-day dependent oscilla-
tions. However, dysfunction of circadian rhythms can lead to signifi cant effects 
on the heart and brain [ 15 – 17 ]. 

 It is well documented that cerebrovascular and cardiovascular events may occur 
more often at certain times during the day in relation to circadian rhythms [ 16 ]. The 
rise in blood pressure in the morning around the awakening time known as “morn-
ing surge,”    for example, is a physiological phenomenon. However, an exacerbated 
morning blood pressure surge is a risk factor for major vascular complications [ 16 , 
 18 ]. It has been noted that the association between morning blood pressure surge 
and cardiovascular risk has a threshold rather than a linear relationship [ 19 ]. An 
early morning peak of acute myocardial infarction was fi rst reported in the 1980s 
and persists despite advancement in medical care [ 17 ]. This association also has 
been observed with stroke, whereby there is a signifi cantly higher risk in the morn-
ing [ 16 ]. Therefore, a proper understanding of the importance of circadian patterns 
of pulse and blood pressure may help improve management of patients with hyper-
tension and those who are at risk of further vascular complications such as stroke. 

 The diurnal variation in blood pressure as  mentioned   above is well known and 
several diurnal and sleep blood pressure patterns in normotensive and hypertensive 
subjects have been identifi ed, called “dipping patterns.” These are characterized by 
following four important diurnal patterns of blood  pressure   variability (Table  13.1 ):

   Increase of  mean blood pressure   is an important cause of arterial disease, but it 
does not account for all blood pressure related risk of vascular events [ 8 ]. Blood 
pressure variability,    beyond mean blood pressure, adds important information to 
stroke risk [ 3 ,  7 ]. The investigators of the Swedish Trial in Old Patients with 
Hypertension (STOP) noted that  antihypertensive therapy   lowered stroke risk more 
than one would expect attributed only to mean blood pressure lowering [ 6 ]. After 2 
years, follow-up data showed that blood pressure variability predicted cardiac 
 complications including left ventricular hypertrophy [ 31 ]. Rothwell and colleagues 
resurrected this valuable concept and provided additional clarity and defi nition to 
previously unanswered questions including the rapid effect of some of the antihy-
pertensive medications on the reduction of the incidence of stroke [ 8 ]. This may 
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help to explain why amlodipine was more effective in reducing risk of vascular 
 complications   as compared to valsartan in Valsartan Antihypertensive Long-term 
Use Evaluation Trial and why there is suboptimal effect of nonselective beta- 
blockers in stroke prevention as compared to  other   antihypertensive medications 
[ 11 ,  32 ]. Therefore, we now have strong evidence that day-to-day and visit-to-visit 
systolic blood pressure variability is signifi cantly associated with the risk of cere-
brovascular and cardiovascular events independent of mean blood pressure [ 3 ,  7 ,  8 ]. 
There is an important association between variability of early morning blood pres-
sure and vascular complications which may be driven by the morning surge in blood 
pressure. Morning surge of blood pressure is associated with various  neurohormonal 
abnormalities including sympathetic nervous system, renin-angiotensin system, and 
changes in plasma cortisol and plasminogen. It is important to note that blood pres-
sure surge does not occur only on awakening in the morning but also may occur 
after an afternoon nap. Episodic blood pressure surges may be responsible for high 
maximum systolic blood pressure as well as diurnal variability  in   blood pressure 
and stroke risk [ 16 ,  18 ,  19 ,  31 ,  33 – 36 ]. 

 Studies have shown that nighttime blood pressure variability is a better predictor 
of long-term vascular outcomes than daytime variability especially in patients with 
hypertension [ 33 ,  37 – 41 ]. There may be a greater likelihood of brain injury during 
nighttime as compared to daytime due to various dipping patterns including non- 
dipping and extreme dipping.    There is an association of blunted decline in blood 
pressure in non-dippers during sleep and higher incidence of vascular events includ-
ing white matter lesions and silent strokes as seen on MRI brain studies. Other 
adverse outcomes in non-dippers included increase in both cardiac and stroke 
related mortality [ 33 ,  41 – 47 ]. There is also some concern about the reproducibility 
of daytime blood pressure associations due to interference by daytime activities. 

   Table 13.1    Blood  pressure   variability patterns in normal and hypertensive individuals   

 Type of blood 
pressure “dipping 
patterns” 

 Characteristics of blood 
pressure “dipping patterns” 

 Associations and signifi cance of blood 
pressure “dipping patterns” 

 Normal dippers  Characterized by 10–20 % 
reduction in blood pressure 
from day to night 

 Physiological and is a normal pattern of 
blood pressure variability 

 Non-dippers  Characterized by <10 % 
reduction in nighttime blood 
pressure 

 – Seen in elderly, postmenopausal 
women and African-Americans 
 – Increased risk of vascular complications 

 Reverse dippers  Characterized by >20 % rise in 
nighttime blood pressure 

 Increased risk of vascular complications 
including intracerebral hemorrhage and 
microbleeds 

 Extreme dippers  Characterized by >20 % fall in 
nighttime blood pressure 

 Increased risk of vascular complications 
including small vessel ischemic disease 
and lacunar infarcts 

  Data from references [ 20 – 30 ]  
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Therefore, cardiovascular risk stratifi cation might not be very accurate if based only 
on daytime blood pressure determinations. On the other hand, these various patterns 
of blood pressure variability provide a potential opportunity to take corrective and 
preventive measures in blood pressure management such as by using drugs that 
target the sympathetic nervous system and renin-angiotensin system [ 19 ,  48 ,  49 ]. 

 The abovementioned dipping patterns are affected and infl uenced by duration and 
quality of sleep. Short sleep duration has been associated with silent brain infarcts in 
hypertensive persons. One should also consider sleep disorders in patients with exces-
sive  nighttime   blood pressure variability and non-dipping sleep pattern as an increase 
in nighttime blood pressure may be an indicator of an underlying sleep disorder. Non-
dipping pattern in hypertensive patients is associated with  obstructive   sleep apnea. This 
can also lead to an increased risk of cardiovascular and cerebrovascular complications. 
Therefore, proper management of sleep disorders such as obstructive sleep apnea by 
using continuous positive airway pressure may help to control blood pressure during 
nighttime and minimize excessive variability and dipping patterns [ 50 – 52 ]. 

 In addition to the complications associated with signifi cant blood pressure vari-
ability as mentioned above, there are various short- and long-term deleterious 
effects of instability and variability of blood pressure on the nervous system as the 
brain does not tolerate blood pressure variability well. Signifi cant blood pressure 
fl uctuations result in excessive mechanical and sheer stress on the vascular system, 
leading to endothelial cell damage, advancement of atherosclerosis and platelet 
activation resulting in thromboembolic phenomenon and consequent major vascu-
lar events such as ischemic stroke.    The long-term end-organ damage to the brain 
results in other complications including  small vessel ischemic disease  , cerebral 
atrophy, and memory and cognitive impairment. This is  summarized   in Fig.  13.1 .

   Data about various blood pressure dipping patterns in normal and hyperten-
sive patients using ambulatory/portable blood pressure monitoring, which will 
 be   discussed in the next section, are obtained from studies conducted by Kario, 
Nakamura, Klarenbeek and Aznaouridis and colleagues. These studies have 

Sleep disorders increase
blood pressure
variability and use of
CPAP machine reduces
this variability in
patients wit sleep apnea

Calcium channel
blockers and diuretics
reduce visit-to-visit
blood pressure
variability
-Non-selective beta-
blockers are least
effective

Significant blood pressure variability* (including morning surges, nocturnal
reverse and extreme dipping)

Activation of autonomic, renin-angiotensin and ubiquitin-
proteasome systems

Changes in plasma cortisol, plasminogen and free radical
levels (oxidative stress) and C-reactive protein

Endothelial damage and platelet activation and
advancement of atherosclerotic disease

Small vessel ischemic disease and lacunar stroke

Brain atrophy, cognitive impairment and 
dementia

Micro-bleeds and intracerebral
hemorrhages

  Fig. 13.1    Pathophysiology of  blood pressure variability  , its related complications and treatment 
strategies [ 8 – 11 ,  16 – 19 ,  31 – 34 ,  50 – 52 ].  CPAP  continuous positive airway pressure.  Asterisk  can 
be measured by home blood pressure monitoring and/or by ambulatory blood pressure 
monitoring       
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shown that extreme dippers are prone to have both silent and clinical brain 
 ischemia especially if treated with blood pressure lowering medications which 
further drop blood pressure during sleep. Markers of ischemic disease on mag-
netic resonance imaging of the brain include not only fi ndings suggestive of 
 small vessel ischemic disease   and lacunar infarcts but also micro bleeds. Thus, 
there may be hypotension during sleep and an excessive rise in blood pressure in 
the morning hours (blood pressure surge), respectively. Moreover, in patients 
with reverse dipping, there is a higher risk of intracerebral hemorrhage and 
 related   complications. In addition, there is a possible role for infl ammation, as 
high-sensitive C-reactive protein is associated with clinical strokes in addition to 
silent brain ischemia in these hypertensive patients. Aznaouridis et al. also stud-
ied the potential utility of an  ambulatory systolic–diastolic pressure gradient 
index (ASDPRI)   [ 18 ,  27 – 29 ,  53 – 60 ]. 

 Calcium channel blockers may prevent these  complications   by minimizing blood 
pressure variations. There may be direct effects on neuronal circuits and central 
control of blood pressure, helping to explain a rapid onset of protection from 
 cardiovascular events [ 3 ,  8 ,  61 ]. The effect of different medication groups on blood 
pressure will be discussed later in this chapter. We will now focus on how to accu-
rately measure blood pressure variability.  

    Measurement of  Blood Pressure Variability   

  Home blood pressure monitoring (HBPM)   and  ambulatory blood pressure  monitoring 
(ABPM)   are effective methods to monitor diurnal blood pressure  variability. Blood 
pressure measurements done in a physician’s offi ce may have limitations, whereas 
blood measurements taken in a patient’s home may be a better predictor of future vascu-
lar complications [ 62 ]. HBPM and ABPM are very important means to monitor blood 
pressure variability as up to 35 % of patients diagnosed with hypertension may have 
white coat hypertension or isolated elevation in  blood   pressure in the medical offi ce set-
ting leading to an incorrect diagnosis [ 63 ]. Other indications  and   advantages of HBPM 
or ABPM include obtaining accurate  information about masked hypertension, episodic 
hypertension, symptomatic hypotension, and nocturnal hypertension [ 62 ]. 

 Now, remote transmission of home blood pressure readings is available. Using this 
technology, blood pressure readings can be transmitted to a data collection center via 
a wireless technology [ 64 ]. These techniques also offer a practical method of assess-
ing the effects of antihypertensive treatment on blood pressure variability and drug 
resistant hypertension.  ABPM   is superior to HBPM in some regards. For example, 
isolated nocturnal hypertension may be present in 7 % of hypertensive patients and 
ABPM is the only and most accurate way to make this determination. It can also 
monitor the effect of drug therapy on early morning fl uctuations in blood pressure as 
well as other time windows in a 24-h period [ 26 ,  62 ,  64 ,  65 ]. 

 APBM is a cost-effective way to monitor blood pressure variability in both 
 primary and specialist care settings [ 62 ,  64 ]. It not only  provides   information to help 
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guide adjustment of  antihypertensive therapy  , but also helps to detect patients with 
white coat hypertension. The cost of care for hypertension including medications and 
associated complications exceeds that of the cost of monitoring and associated test-
ing [ 62 ,  66 ,  67 ]. Whereas  ABPM   has advantages over other techniques including 
 HBPM  , it also has limitations. These include requirement of special equipment, time 
needed to fi t the device, possible discomfort related to the technology especially dur-
ing nighttime, and the need for staff training, data evaluation, higher cost and limited 
availability [ 21 ,  62 ]. There are some other challenges when using this technique in 
children, patients with obesity, cardiac arrhythmias, renal failure and during preg-
nancy related to lack of formal validation protocols [ 62 ]. 

 On the other hand, advancement in technology provides advantages in favor of 
ABPM use such as concomitant measurement of pulse pressure,    pulse wave  velocity, 
central blood pressure, and arterial stiffness. Moreover, accessories such as position 
and activity sensors have been developed to determine the patient’s  position and 
also physical activity which allows an estimation of sleep  and   awake periods, 
 activity and rest, respectively [ 62 ]. Overall, ABPM is a useful technique, and it is 
becoming a standard practice in targeted blood pressure management in developed 
countries around the globe [ 65 ].  

    Blood Pressure Variability as a Risk for Stroke: What 
Guidelines Recommend for Clinical Practice 

 Many national and international guidelines including those of the American Society of 
Hypertension, American Heart Association/American  Stroke   Association (AHA/ASA), 
European Society of Hypertension, and British Society of Hypertension  recommend 
HBPM to study intraindividual variability in pulse and blood pressure patterns [ 68 – 72 ]. 
Furthermore, it’s routine use for initial diagnosis of hypertension was recommended by 
the UK National Clinical Guideline Center (NCGC) in 2011 [ 73 ]. The 2014 AHA/ASA 
primary stroke prevention guideline acknowledges that intraindividual blood pressure 
variability is associated with risk of stroke beyond  mean blood pressure   assessment and 
that nocturnal blood pressure determination by ABPM may provide additional useful 
information [ 74 ]. However, the 2014 AHA/ASA guidance statement on recurrent stroke 
prevention generally remains silent on the issue [ 57 ]. The European Society of 
Hypertension recommends the use of HBPM or ABPM in individuals with stage I 
hypertension in the offi ce and who are at low or moderate total cardiovascular risk and 
in those who have high-normal offi ce blood pressure or normal blood pressure with 
asymptomatic organ damage [ 62 ,  65 ]. 

 Epidemiological observational studies and clinical  trials   have shown the benefi t of 
reducing blood pressure with the use of antihypertensive medications for reduction of 
cardiovascular and cerebrovascular events. The class of drug used in the management 
of hypertension and to reduce blood pressure variability may affect stroke risk and 
related complications [ 3 ,  4 ,  75 – 77 ]. 
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 Ideally, antihypertensive medications should reduce  mean blood pressure   and 
also blood pressure variability [ 9 ,  11 ]. Medications such as calcium  channel   block-
ers and diuretics, which reduce blood pressure variability, may be more benefi cial 
in reducing stroke risk than medications such as nonselective beta-blockers which 
do not reduce variability [ 3 ,  11 ]. One of the mechanisms by which calcium channel 
blockers and diuretics may reduce blood pressure variability is their effects on cen-
tral control of blood pressure and morning blood pressure surges [ 61 ]. 

  Calcium channel blockers and thiazide diuretics reduced   maximum systolic 
blood pressure and systolic blood pressure variability in the Anglo-Scandinavian 
Cardiac Outcomes Trial-Blood Pressure Lowering Arm (ASCOT-BPLA) and 
Medical Research Council 2 (MRC-2) studies. The effect of calcium channel block-
ers and thiazide diuretics on vascular events was compared with beta-blockers and 
renin-angiotensin system inhibitors [ 78 – 80 ]. Rothwell and colleagues analyzed the 
ASCOT-BPLA and MRC-2 databases and emphasized the differences in effects of 
beta-blockers and calcium channel blockers on variability of blood pressure and the 
prognostic implications including risk of stroke after transient ischemic attack. In 
the ASCOT-BPLA arm, the patients with the highest residual intersession  variability 
of systolic blood pressure when on treatment remained at greater risk of subsequent 
stroke (CI 2.32–4.54;  p  < 0.0001, hazard ratio 3.25). The stroke risk was indepen-
dent of mean systolic blood pressure. Moreover, visit-to-visit variability in systolic 
blood pressure was greater in patients randomized to atenolol treatment than in the 
group who received amlodipine. Therefore, Rothwell and colleagues suggested 
using antihypertensive medications which reduce blood pressure variability to opti-
mally reduce stroke risk [ 9 ,  11 ,  78 – 80 ]. 

 Webb and colleagues evaluated the effect of antihypertensive treatment on 
 interindividual variance in blood pressure and outcomes in 389 clinical trials. They 
found maximum reduction (19 %) in interindividual systolic blood pressure varia-
tion with calcium channel blockers (variance ratio 0.81, 95 % CI 0.76–0.86, 
 p  < 0.0001). The effect was less marked with non-loop diuretics where there was a 
13 % reduction in interindividual systolic blood pressure variation (variance ratio 
0.87, CI 0.79–0.96,  p  = 0.007). Interestingly, they reported an increase of 8 % with 
angiotensin-converting enzyme inhibitors (variance ratio 1.08, CI 1.02–1.15, 
 p  = 0.008) and 16 % with angiotensin receptor blockers (variance ratio 1.16, CI 
1.07–1.25,  p  = 0.0002). The increase in interindividual systolic blood pressure vari-
ation was maximum at 17 % with beta-blockers (variance ratio 1.17, CI 1.07–1.28, 
 p  = 0.0007). The analysis revealed a signifi cant relationship between interindividual 
systolic blood pressure variation and difference between drug  classes   and risk of 
subsequent stroke. It was noted that a lower standard deviation of systolic blood 
pressure with variance ratio ~≤0.8 was associated with a signifi cantly reduced risk 
of stroke (odd ratio 0.79, 95 % CI 0.71–0.87) in spite of small reductions in mean 
systolic blood pressure [ 10 ]. 

 In the abovementioned data we do not have information about the effect of time 
of day on blood pressure variability. Webb et al. [ 81 ] addressed this concern by 
using HBPM for one month in 500 consecutive transient ischemic attack or minor 
stroke patients and determining mean, maximum, and variability in systolic blood 
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pressure. This is the fi rst study showing the effect of antihypertensive medications 
on day-to-day home blood pressure variability. Patients were treated according to a 
standard protocol, and differences in systolic blood pressure variability were docu-
mented (3–10 days before and 8–15 days after starting or adjusting the doses of 
antihypertensive medications). They reported that  there   was a signifi cant reduction 
( p  = 0.015) in variability in home systolic blood pressure after treatment with 
 calcium channel blockers/ diuretics (7.8 %) as compared with renin-angiotensin 
system inhibitors (4 %). It was primarily due to an effect on maximum systolic 
blood pressure and not on mean systolic blood pressure ( p  = 0.001). Moreover, there 
was a class difference and maximum effect on early morning systolic blood pres-
sure variability ( p  = 0.002). The drug class effect persisted with combinations of 
diuretics and renin-angiotensin system inhibitors [ 81 ]. These fi ndings are consistent 
with the data from other randomized control trials and explain the reduction of 
stroke risk with an appropriate choice of antihypertensive medication. The study 
also emphasizes the value of using HBPM as a potential tool for monitoring of 
blood pressure variability in patients taking antihypertensive medications.  

    Conclusion 

 There is increased recognition of the value of the determination of blood pressure 
variability and deviations of daytime and nighttime circadian blood pressure pat-
terns. Local and regional guidance statements, especially in developed countries, 
have now included such information and may include discussion of management 
strategies. Blood pressure variability, for example, may be reduced in practice by 
use of calcium channel blocking agents and certain types of  diuretics  . Further 
ABPM research will help to elucidate populations and subgroups most prone to 
blood pressure variability and best management practices. ABPM is an important 
diagnostic technology for the detection and diagnosis of raised blood pressure.
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       Considerable clinical trial evidence is available in support of antihypertensive 
 therapy to lower blood pressure (BP) as relates to the primary reduction in stroke. 
More recently, fi ndings have emerged to support an important role for  antihyperten-
sive therapy   in recurrent stroke prevention [ 1 ]. To this end, guidelines now suggest 
the provision of BP-lowering medications to both normotensive and hypertensive 
patients with a prior stroke [ 2 ,  3 ]. 

 Two large placebo-controlled trials have provided most of the supporting 
 evidence for this recommendation [ 4 ,  5 ]. In the  Poststroke Antihypertensive Study 
(PATS)  , indapamide decreased stroke rate by 29 % in a cohort of 5665 Chinese with 
a prior  transient ischemic attack (TIA)   or minor stroke [ 4 ]. Antihypertensive ther-
apy also decreases the risk of a second stroke, a fi nding clearly shown by the 
 Perindopril Protection Against Recurrent Stroke Study (PROGRESS)  , the second 
of these supporting studies [ 5 ]. Neither PATS nor PROGRESS specifi es the level to 
which BP should be lowered in a poststroke/TIA population. 

    Core Principles of  Antihypertensive Therapy   

    Pharmacodynamics Versus Pharmacokinetics 

 For most drugs and most patients, pharmacokinetic considerations are of marginal 
importance in that they are already refl ected in the approved dose ranges and pro-
posed dose intervals. Pharmacokinetic differences are most readily apparent in the 
use of certain drugs in subpopulations with reduced drug clearance. For example, a 
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water-soluble drug mainly eliminated by glomerular fi ltration/tubular secretion 
requires dosage reduction in patients with renal impairment as is the case for the 
β-blocker atenolol. Such drug accumulation with possible concentration-related 
side effects can be expected to occur in a relevant manner when the  glomerular fi l-
tration rate (GFR)   drops below the 30–40-mL/min range. Alternatively, it is the 
pharmacodynamic properties of an antihypertensive medication that are of the 
greatest importance in the effi ciency of BP lowering.  

    Dose–response Counterregulatory Effects 

 Dose–response effects are present  for   all antihypertensive drug classes but 
 incremental reductions in BP with dose titration are most evident with  sympatholytics, 
peripheral α-blockers, and calcium channel blockers (CCBs). A major consider-
ation in the pharmacodynamic dose–response relationship for an antihypertensive 
medication is the extent to which counterregulatory mechanisms activate with BP 
lowering. Acute and/or chronic BP reduction can be expected to set in motion a 
series of mechanisms that return BP towards starting values. Refl ex increases in 
cardiac output, peripheral vasoconstriction, and salt/water retention can arise from 
barorefl ex-mediated activation of the sympathetic and  renin-angiotensin- aldosterone 
(RAA) systems  . These counterregulatory responses are highly dose-dependent and 
most regularly seen with nonspecifi c vasodilating drugs (e.g., hydralazine or min-
oxidil), high-dose diuretics, or peripheral α-blockers. 

 It can prove diffi cult to approximate the extent to which  counterregulatory 
 systems   are activated with antihypertensive medications and lead to “pseudotoler-
ance.” In that regard, a 10–20 % increase in heart rate should prompt either a lower-
ing of the dose of the compound and/or addition of a pulse rate lowering 
compound—such as a β–blocker. Sodium (Na + ) retention, as a factor in loss of BP 
control, is most easily recognized if peripheral edema occurs/worsens, although a 
loss of BP control can still occur with volume expansion stopping short of periph-
eral edema. If volume expansion is suspected a diuretic can be given, or if one is  in 
  use the dose can be increased, to effect a weight loss of 1–2 % of body weight.   

    Blood Pressure Monitoring and Goals 

     Blood Pressure Goals   

 Treatment of hypertension is indicated for untreated patients with an ischemic 
stroke or a TIA, who after the fi rst several days have an established BP >140 mmHg 
systolic and/or a diastolic value >90 mmHg. In addition, resumption of therapy is 
indicated for patients known to be hypertensive and who are beyond the fi rst several 
days of an ischemic stroke or a TIA. Blood pressure goals and/or rate and extent of 
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BP reduction are yet to be clearly established. A systolic goal BP <140 mmHg and 
a diastolic BP goal of <90 mmHg would however be a sensible target and a systolic 
BP <130 mmHg for individuals having sustained a lacunar stroke would not  be 
  unreasonable as a target [ 2 ].  

    Blood Pressure Measurement 

 The accurate  measurement of BP is   a crucial issue in determining who should be 
viewed as being hypertensive and therein a candidate for treatment. In the patient hav-
ing sustained a stroke or a TIA, there are several BP measurement  considerations. 
First, atherosclerotic disease is not uncommon in the patient having sustained a stroke 
or a TIA. If one arm has suffi cient plaque to lessen blood infl ow more than in the other 
arm, then BP values will “lateralize” and the higher of the two measurements should 
be viewed as the value to “treat.” Second, in patients having sustained a major stroke, 
muscle atrophy can develop on the affected side; thus, different side-to-side BP read-
ings will occur as a measurement artifact if the cuff used on the non-atrophied arm is 
unwittingly used on the larger arm. Third, the scheduling of BP measurements, in the 
context of timing of medication administration, is of particular importance in that 
trough BP readings need to be shown to be near or at goal. Blood pressure measure-
ments obtained at the time of peak antihypertensive medication effect can engender a 
false sense of security as to the overall adequacy of BP control.  

     Home Blood Pressure Monitoring   

 Conventional offi ce BP measurement  yields   higher BP values than home-based 
 readings, particularly for systolic BP [ 6 ,  7 ]. The level of home BP suggested to best 
correspond to a normal clinic BP of 140/90 mmHg is ≈ 135/85 mmHg. Home BP mon-
itoring provides a large number of readings and thus adds to the precision of BP 
 determination in any given patient over time [ 7 ,  8 ]. Home BP monitoring is useful for 
the long-term follow-up of patients with white coat hypertension and the evaluation of 
treatment effi cacy in patients with sustained hypertension, which is of particular impor-
tance to the patient having experienced a stroke [ 9 ]. 

 Technical, economic, and behavioral barriers have impeded the more widespread 
use of home monitoring in clinical practice. Low-cost monitors with memory and 
systems for telephonic transmission of readings, are of some utility in overcoming 
these barriers. The number of clinic visits may be reduced with home BP  monitoring, 
making it a potentially cost-effective means for the management of hypertensive 
patient which is of particularly important in the patient having sustained a prior 
stroke and who is not particularly mobile.    Studies have shown that adjustment of 
antihypertensive treatment based on home BP measurements instead of offi ce BP 
readings can lead to less intensive drug treatment, which can then be expected to 
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reduce side effect burden and minimize instances where there might be excessive 
reduction in BP and/or orthostatic hypotension. The latter is of some relevance to 
the poststroke patient whose postural  BP   changes can intensify based on their level 
of deconditioning.  

    Blood Pressure Goals and the J- curve   

 Progressive lowering of  diastolic   BP to values <60 mmHg can trigger ischemic 
events rather than provide incremental cardiovascular protection, particularly if 
critical arterial stenoses exist in the coronary circulation—the “J-curve” hypothesis 
[ 10 ]. Many examples of the J-curve relationship between BP and cardiovascular 
disease events refl ect reverse causality, wherein underlying disease (e.g., reduced 
left ventricular function, poor general health, noncompliant arteries) is the basis for 
both the low BP and the increased risk of both CVD and non-CVD events [ 11 ]. 

 In the presence of limited coronary fl ow reserve, as is seen in  coronary artery 
disease (CAD)  , there is a J-curve relationship between treated diastolic BP and 
myocardial infarction, but not for stroke per se [ 12 ,  13 ]. Also, a wide pretreatment 
pulse pressure augurs an increased propensity for CVD sequelae of hypertension, 
which can be made more obvious by treatment [ 14 ]. Practically speaking, if systolic 
BP is controlled to <130 mmHg, there is marginal benefi t, and even the potential for 
risk, in reducing diastolic BP to less than 80–85 mmHg. 

 There is some degree of variability in the specifi c target BP goal for recurrent 
stroke prevention, which to a certain degree refl ects a variation on the J-curve 
theme. A meta-analysis that looked at impact of achieving tight versus usual sys-
tolic BP control on stroke prevention of randomized controlled trials found that 
achieving a systolic BP <130 mmHg compared with 130–139 mmHg seemed to 
provide additional stroke protection only among  people   with known vascular risk 
factors but not those with established or symptomatic vascular disease [ 15 ]. In 
point of fact, the J-curve hypothesis in the patient having sustained a stroke is 
untested in that most pertinent trials did not achieve recommended  target   systolic 
BP values <130 mmHg.  

    Need to Lower Blood Pressure Gradually 

 It is often recommended  that   BP be brought to goal gradually to avoid sudden and 
perhaps excessive reductions in cerebral or coronary blood fl ow. The rate of BP 
reduction is seldom a problem in the young hypertensive patient, but in the older 
patient with long-standing hypertension, rapid BP reduction may be poorly tolerated 
because of diminished cerebral or coronary artery autoregulatory ability [ 10 ,  13 ]. If 
BP drops below the autoregulatory range, symptoms of cerebral hypoperfusion such 
as dizziness, fatigue, and forgetfulness may arise. This is particularly the case in the 
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elderly hypertensive patient, in whom the normal limits of cerebral autoregulation 
fall around a mean BP value of 100–110 mmHg. Concern about an “excessive” 
 perceived BP drop in the elderly or the otherwise vulnerable patient should not, 
 however, preclude attempting to reach recommended BP goals within a relatively 
short time (weeks rather than months) [ 16 ] since achieving rapid BP control offers 
signifi cant benefi ts to the hypertensive patient who is at high CV risk [ 17 ]. Of note, 
certain antihypertensive compounds, such as ACE inhibitors, can effectively lower 
BP without adversely effecting regional cerebral blood fl ow [ 18 ].   

    Are the Preventive Effects of  Antihypertensive Therapy   
Class-Specifi c Or Drug-Specifi c? 

 There are several drug classes used in the treatment of hypertension including 
diuretics, β-blockers, ACE inhibitors, ARBs, CCBs, peripheral α-adrenergic 
 receptor antagonists, central α-agonists, aldosterone receptor antagonists amongst 
several other lesser used classes. There are several compounds within these drug 
classes and a modest degree of within class heterogeneity of a pharmacokinetic 
nature primarily relating to drug absorption and differing compound half-lives. 
Defi nitive evidence does not exist supporting a preferential positioning for a par-
ticular drug class in the primary or secondary prevention of stroke [ 19 ]. In that 
regard, the Blood Pressure Lowering Trialists’ Collaboration has reported the 
effects of ACE inhibitors and CCBs on cardiovascular morbidity and mortality, 
including stroke [ 20 – 21 ]. As a matter of record, these overviews revealed a 30 % 
reduction in stroke risk with ACE inhibitors and a 39 % decrease with CCBs com-
pared with placebo. Nonetheless, ACE  inhibitors   should be strongly considered as 
part of a treatment plan if even to gain benefi t from their cardiovascular and cardio-
renal protective effects.  

     Drug Classes   

     Diuretics  : First Step Therapy 

 Thiazide-type diuretics are important primary and adjunctive therapies in the 
 treatment of hypertension. They are of particular utility when administered, even in 
doses as low as 6.25 mg of hydrochlorothiazide (HCTZ) in the form of fi xed-dose 
combination therapy [ 22 ]. In general, loop diuretics do not reduce BP as well as 
thiazide-type compounds when given as monotherapy. Loop diuretics fi nd their 
greatest use as antihypertensive agents when they can correct clearly evident volume 
expanded states. The occurrence of metabolically negative side effects such as hypo-
kalemia, hypomagnesemia, glucose intolerance, and hypercholesterolemia is much 
less common with low-dose diuretic therapy (e.g., 12.5–25 mg HCTZ once daily). 
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 Diuretics are widely promoted for the control of hypertension because they have 
been shown in numerous controlled clinical trials to decrease hypertension- 
associated morbidity and mortality rates. The thiazide-type diuretic used in both the 
 Systolic Hypertension in the Elderly Program (SHEP)   and  Antihypertensive and 
Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT)   was chlortha-
lidone and the question arises as  to   how this compound might differ from HCTZ 
[ 23 ,  24 ]. In that regard, the extremely long half-life of 40–60 h for chlorthalidone 
clearly differentiates it from the relatively short-acting HCTZ, with a half-life rang-
ing from 3.2–13.1 h. This half-life difference is marked by a signifi cant difference 
in BP reduction when chlorthalidone is compared with HCTZ [ 25 ]. 

 These BP and existing outcomes data with chlorthalidone suggest that this 
 compound be used with more regularity in the patient with hypertension. 
Thiazide-type diuretic therapy has been suggested to offer additional benefi ts 
for stroke reduction above and beyond what might be expected from BP reduc-
tion alone [ 26 ] with supporting data for this found in the PATS and PROGRESS 
trials [ 4 ,  5 ].  

    Angiotensin-Converting Enzyme  Inhibitors  : First Line Therapy 

 ACE inhibitors are considered a suitable fi rst-step option in the treatment of 
hypertension in a wide range of patient types. Not all patients  are    responders  to 
ACE inhibitor therapy but in those patients who are the dose–response curve for 
BP reduction is steep at low doses only to fl atten thereafter at higher doses; thus, 
multiple dose titrations of an ACE inhibitor are seldom warranted to gain better 
BP control. Even modestly natriuretic doses (12.5-mg/day) of thiazide-type 
diuretics further reduce BP when combined with an ACE inhibitor [ 22 ]. Side 
effects associated with ACE inhibitors include cough, angioedema, and a distinc-
tive form of functional renal insuffi ciency.  .  Cough and angioedema are  class 
effect  occurrences with ACE inhibitors; thus, the  occurrence   of either of these 
side effects prohibits the use of any ACE inhibitor. There is no specifi c level of 
renal function which precludes ACE inhibitor use unless signifi cant hyperkale-
mia (>5.5-mEq/L) arises with their use. 

 The enthusiasm for the use of ACE inhibitors goes beyond their effects on BP, 
since they are at best comparable with other drug classes, including diuretics, ARBs, 
and CCBs for BP control. These drugs reduce morbidity and mortality rates in 
patients with HF, post MI and proteinuric renal disease; however, it would now 
seem that BP reduction is of more importance in reducing end-organ event rates 
than might be the class of drugs [ 27 ]. The data/opinions supporting ACE inhibitors 
in specifi cally reducing stroke rate  have   been varied [ 28 ,  29 ]. The  Heart Outcomes 
Prevention Evaluation (HOPE) trial   results with the ACE inhibitor ramipril showed 
that the benefi ts of lowering BP on the risk of stroke are not confi ned to patients 
with hypertension, but they also extend to individuals with BP in the normotensive 
range. Compared with placebo, ramipril reduced the risk of any stroke by 32 % and 
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that of fatal stroke by 61 %. Benefi ts were consistent across baseline BPs, drugs 
used, and subgroups defi ned by the presence or absence of previous stroke, periph-
eral arterial disease, diabetes or hypertension [ 30 ]. 

 Additional data exists from  the    PROGRESS trial   for the ACE inhibitor perindo-
pril in the context of secondary stroke prevention [ 5 ]. These data are important 
since it has been a matter of some controversy as to whether the long-term lowering 
of BP, in patients who have sustained a prior cerebrovascular event, reduces  recur-
rent   stroke rate comparably to the benefi t observed for primary stroke rate with BP 
reduction. In the PROGRESS trial, BP was reduced on average of 9/4 mmHg in  the 
  active treatment group, leading to a 28 % risk reduction of major stroke. This risk 
reduction extended to all forms of stroke (major disabling, hemorrhagic, ischemic, 
or unknown), was independent of BP and diabetes status. The most benefi cial effect 
was seen in the group being given perindopril and indapamide in which BP decreased 
to 12/5 mmHg.  

     Angiotensin Receptor Blockers  : First Line Therapy 

 For the most part the pharmacologic differences between the several compounds 
in this class are of little practical consequence including their ability to prevent 
new- onset diabetes in at risk patients. Angiotensin receptor blockers are pulse rate 
neutral and do not prompt salt and water retention or SNS activation. Increasing 
the dose of an ARB typically does not increase its peak effect; however, it can 
prolong the response. Response rates with ARBs range from 40 to 70 % in Stage 
1 or 2 hypertension with Na +  intake and ethnicity having some bearing on the 
overall effect. Although all ARBs are indicated for once-daily dosing, the effec-
tiveness of an ARB may wane at the end of a dose interval, thereby necessitating 
a second dosing, which is often the case in poor to average responders. Even as 
there are no predictors of the magnitude of the BP reduction in response to an 
ARB, the coadministration of a diuretic oftentimes substantially further reduces 
BP [ 31 ]. Side effects are uncommon with ARBs with cough and angioedema 
being uncommon occurrences. ARBs can be safely used in patients with moderate 
to severely advanced stages of CKD with hyperkalemia being less likely than with 
ACE inhibitors [ 32 ]. 

 It is this ease of use of these compounds that makes them particularly 
 attractive candidates for the patient with hypertension. Unfortunately, there is a 
relative paucity of data with their use for primary or recurrent stroke prevention. 
In the Losartan Intervention for End-Points (LIFE) study, there were fewer 
strokes in the losartan- treated group than in the group treated with atenolol, 
which was an unexpected fi nding and one without an a priori specifi c reason for 
losartan to have decreased stroke rate [ 33 ]. In addition, in elderly hypertensive 
patients, a slightly more  effective BP reduction with a candesartan-based regi-
men  compared   with control therapy, was followed by a greater reduction in the 
rate of nonfatal stroke [ 34 ].  

14 A Review of Antihypertensive Drugs and Choosing the Right Antihypertensive…



252

    Calcium Channel  Blockers  : First Line Therapy 

 Calcium channel blockers are a heterogeneous group of compounds, with  distinctive 
structures and pharmacologic characteristics. There are two major classes of CCBs: 
dihydropyridines and nondihydropyridines, a subclass that includes  verapamil and 
diltiazem. The latter two compounds reduce heart rate and cardiac contractility; 
whereas, the former can modestly increase heart rate in a dose-dependent manner and 
have little, if any, effect on contractility. The availability of CCBs in sustained-release 
delivery systems has improved tolerance and simplifi ed the use of these drugs [ 35 ]. 

 In considering CCB therapy, there are no signifi cant differences in total major 
CV events between regimens based on ACE inhibitors, diuretics or β-blockers and 
these compounds other than for heart failure (HF), which occurs more commonly 
with a CCB-based regimen. Individual trials suggest a favorable effect of CCBs 
either given alone or together with other therapies on  primary stroke prevention in 
diabetics [ 36 ]. A meta-regression analysis also suggests that CCBs provide more 
reduction in stroke rate than do diuretics or β-blockers. With this same meta- 
regression diltiazem compared with diuretics, β-blockers or both decreased the risk 
of stroke despite higher systolic pressure [ 19 ]. 

 All patient subtypes are to some degree responsive to CCB monotherapy includ-
ing elderly and low-renin, salt-sensitive, diabetic and black hypertensive patients. 
Calcium channel blockers have a steep dose–response curve for BP reduction,    which 
simplifi es their use since there are no reliable predictors of the magnitude of the BP 
reduction with a CCB. The degree to which BP drops with a CCB is a function of the 
pre-therapy BP; thus, the higher the BP when therapy begins the greater the fall in 
BP. Dihydropyridine CCBs can dose-dependently increase heart rate and in so doing 
diminish the accompanying BP lowering effect of these drugs. Calcium channel 
blockers have a mild natriuretic effect, which explains, in part, why their  BP   lower-
ing effect is independent of Na +  intake. 

 Most CCB-related side effects are class specifi c, with the exception of 
 constipation and atrioventricular block, which occur most  commonly   with vera-
pamil. Calcium channel blocker use, in general, can be associated with side effects, 
such as polyuria, gastroesophageal refl ux, and/or gingival hyperplasia; however, 
peripheral edema is the side effect, which most commonly infl uences the use of 
these compounds. Calcium channel blocker-related edema is positional in nature 
and improves when a patient goes recumbent only to recur when a patient assumes 
an upright position; thus in the relatively bedbound stroke patient peripheral edema 
may only appear when a patient becomes more regularly upright.  

     Beta-Blockers  : Second Line Therapy 

 The effi cacy and side effect profi le of β-blockers are both compound and delivery 
system dependent. β-blockers reduce BP without an accompanying decrease in 
peripheral vascular resistance and typically exhibit a relatively fl at dose–response 
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curve, a fi nding that should discourage their being “over-titrated.” Beta-blockers 
had been fi rst line therapy in the treatment of hypertension for a number of years. 
An early preferred status for these compounds was based on evidence suggesting a 
reduction in morbidity and mortality rates with their use in the patient with hyper-
tension; however, more recent reviews of these data have found meager evidence to 
support the supposition that β-blocker based therapy, despite lowering BP, reduces 
the risk of heart attacks or strokes. Much of the debate on the proper place that 
β-blockers should have in hypertension management has focused on how effective 
the cardioselective β-blocker atenolol was in the treatment of hypertension and in 
providing specifi c outcomes benefi ts. The downfall of the β-blocker drug class 
(based on atenolol-related data) is premature and this drug class (and, in particular, 
the vasodilating β-blockers) still remains useful therapy choices. 

 Combined α-β-blockers are nonselective β-blockers without intrinsic 
 sympathomimetic activity and their use has generally been reserved for the compli-
cated hypertensive patient when an antihypertensive effect beyond that of β-blockade 
is desired. Labetalol, given either orally or intravenously, has been used to treat 
hypertensive urgencies and/or emergencies. In acutely hypertensive stroke patients, 
the CCB nicardipine has proven  therapeutically   superior to labetalol with each 
 having been given intravenously [ 37 ]. Carvedilol has supplanted labetalol in the 
management of hypertension because of a cleaner side-effect profi le and its being 
able to be given less frequently in a controlled-release delivery system. Carvedilol 
in its immediate release form does not adversely affect cerebral circulation param-
eters even as it reduces mean arterial pressure by ≈ 20 % [ 38 ]. Carvedilol has also 
proven more effective than metoprolol in a large heart failure study population as to 
reductions in stroke or fatal stroke—a fi nding attributed to the unique physicochem-
ical features and not better β-blockade per se [ 39 ]. 

 Two trials, totaling 2193 patients used the β-blocker atenolol, recording a small 
reduction in BP (5/3 mmHg) were neutral for secondary stroke protection [ 40 ,  41 ].  
 A recent Cochrane Database Review, relying mainly on these two trials, also con-
cluded that there was no available evidence supporting the routine use of β-blockers 
for secondary protection after a stroke or a TIA [ 42 ]. In addition, a meta- analysis by 
Psaty et al. compared the relative benefi ts of high- and low-dose diuretics and 
β-blockers with respect to stroke and found the magnitude of effect was consistently 
greater with a diuretic,    particularly with the low-dose regimen [ 43 ].  

    Aldosterone Receptor Antagonists :  Second or Third Line 
Therapy 

 Although the most extensive antihypertensive treatment experience with   aldosterone 
receptor antagonists (ARAs)   exists with spironolactone, the ARA eplerenone is 
increasingly used because of a cleaner side-effect profi le. The onset of action for 
spironolactone is characteristically slow, with a peak response at 48 h or more after 
the fi rst dose. This may relate to a need for several days of spironolactone dosing for 
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its active metabolites to reach steady-state plasma/tissue levels. Spironolactone and 
eplerenone have been used more recently as add-on therapy for resistant hyperten-
sion. The add-on effect of spironolactone occurs within days to weeks, persists for 
months, and is independent of ethnicity, plasma aldosterone values, and level of uri-
nary aldosterone excretion. Hyperkalemia (>5.5 mEq/L) can also occur with ARAs 
and develops  most   typically in the setting of a reduced GFR and/or concomitant 
therapy with an ACE inhibitor or an ARB [ 44 ]. Aldosterone receptor antagonists are 
not indicated for stroke prevention; however, further studies seem warranted in stroke 
prevention based on emerging data  with   compounds in this drug class [ 45 ].  

    Peripheral  Alpha-Adrenergic Blockers  : Third Line Therapy 

 α l -adrenergic-blocking drugs (α l -blockers), such as doxazosin, terazosin, and 
 prazosin, reduce BP comparable to other major drug classes. α l  –blocker use has 
been simplifi ed by the arrival of long-acting compounds in this class. These com-
pounds are most effective in lowering both systolic and diastolic BPs in the upright 
position. α 1 -blockers incrementally reduce BP when combined with most drug 
classes and are the only antihypertensive drug class to improve plasma lipid profi les 
and reduce insulin resistance [ 46 ]. In the diffi cult-to-treat hypertensive, these com-
pounds reduce BP signifi cantly when used as adjunctive therapy to ACE inhibitors 
or CCBs. Upward dose titration of an α 1 -blocker can prompt renal Na +  retention, 
and the ensuing volume expansion can lessen any BP lowering having occurred. 
Thus, α l -blockers should be given with a diuretic unless doses are kept very low. In 
high-risk hypertensive patients, doxazosin has associated with a higher incidence of 
stroke and cardiovascular disease events, than was chlorthalidone [ 47 ]. 

 First-dose hypotension or syncope although less common with doxazosin or 
terazosin than with shorter-acting α 1  -blockers  nonetheless   can still occur. Orthostatic 
hypotension can occur with these compounds, particularly in  volume- contracted 
patients making this a drug class to be used thoughtfully in patients having had a 
prior stroke and who are deconditioned. Dizziness, headache, and drowsiness are 
other common side effects of α 1 -blockers, symptoms that oftentimes can be miscon-
strued  to   represent sequelae to a cerebrovascular event.  

     Central Alpha-Agonists  : Second or Third Line Therapy 

 Central α-agonists have a lengthy history in the treatment of hypertension; however, 
bothersome side effects have lessened the use of these compounds. Clonidine is the 
most commonly prescribed member of this drug class with other class members 
being guanfacine and alpha-methyldopa. A small dose of clonidine, in the order of 
0.1–0.2 mg twice daily, adds to the BP lowering effect of most other agents and can 
be dependably used in this way. Dose titration of clonidine beyond 0.4 mg daily is 
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commonly followed by compliance limiting side effects, including fatigue,  sleepiness, 
and decreased salivary fl ow oftentimes described as “cotton mouth.” Increasing the 
dose of clonidine frequently brings on salt and water retention; thus, diuretic add-on 
therapy is often viewed as being complementary therapy. Clonidine is available in a 
transdermal delivery system that has distinct therapeutic advantages but is limited in 
its use by issues of cost and local skin irritation. Transdermal clonidine is particularly 
useful in the management of the labile hypertensive patient, the hospitalized patient 
who cannot take medications by mouth, and the patient subject to early morning BP 
surges. At equivalent doses, transdermal clonidine is more apt to precipitate salt and 
water retention than does oral clonidine [ 48 ]. Clonidine is also useful second line 
therapy to aid in smoking cessation an important consideration in the patient with a 
 prior   stroke who remains a smoker.   

    Conclusions 

 Treatment of the patient with hypertension following a stroke begins at the time of 
a stroke. Typically, BP is allowed to permissively remain elevated in the immediate 
peri-stroke period. However, it is not uncommon for there to be a  carryover effect 
such that the decision to either implement or proceed with aggressive chronic anti-
hypertensive therapy is slow to occur. Blood pressure values in excess of national 
guidelines are common after stroke and/or TIAs. For this reason, long-term BP 
reduction in the poststroke patient should be in the hands of physicians comfortable 
with varying therapeutic goals and the numerous treatment options for BP control. 

 Lifestyle modifi cations should be considered in the treatment of hypertension 
including weight loss, limiting alcohol use, aerobic exercise, and consumption of a 
diet rich in fruit and vegetables. Clinicians should carry out an individualized 
selection of drug(s) process, based on demographic characteristics and comorbidi-
ties (cardiovascular disease, diabetes mellitus, and other chronic illnesses) among 
diuretics,  ACE   inhibitors, ARBs, or CCBs mindful of the frequent need for multi-
drug combination therapy to effect hypertension control. An optimal drug regimen 
to achieve the recommended level of BP reduction is unclear in that head-to-head 
regimens have not occurred; available data would suggest that the combination of 
a diuretic and an ACE inhibitor or a CCB and an ACE inhibitor are useful.
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    Chapter 15   
 Vascular Cognitive Impairment 
and Alzheimer Disease: Are These Disorders 
Linked to Hypertension and Other 
Cardiovascular Risk Factors?                     

     Fernando     D.     Testai       and     Philip     B.     Gorelick     

       Alzheimer disease (AD) and vascular forms of cognitive impairment (VCI) tradi-
tionally have been considered separate or divergent disorders [ 1 ]. AD, for example, 
has been defi ned as a “degenerative” disease characterized by  neuritic plaque   and 
neurofi brillary tangle pathology, neuronal loss, and deposition of amyloid in the 
brain parenchyma and brain blood vessels. On the other hand, VCI has been 
described as disorders caused by cerebrovascular brain injury which may vary from 
mild to severe cognitive dysfunction [ 2 ]. Practically, mixed neuropathology includ-
ing both AD and VCI is common in the elderly, and vascular  risk factors   and ath-
erosclerosis may be important in the genesis of both VCI and AD [ 3 – 6 ]. Furthermore, 
AD and stroke  pathogenic mechanisms      may be synergistic [ 7 ]. 

 The  pathophysiology   and clinical manifestations of these disorders may be sub-
tle as even the occurrence of stroke symptoms  without  a history of clinical stroke or 
TIA reported to a physician (referred to as “whispering strokes”) may be associated 
with cognitive impairment, and the risk of this may increase with the presence of 
each additional  cardiovascular factor   [ 8 ,  9 ]. Overall, subclinical or “silent” strokes 
are the most common type of strokes with an estimated 9 million silent infarcts and 
2 million silent hemorrhages compared to about 780,000 clinical strokes in the USA 
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[ 10 ]. “Silent” strokes are signifi cant, therefore, as they may be associated with cog-
nitive impairment and may be preventable. 

 The combination of AD  neuropathology   and  hemispheric infarction   may be suf-
fi cient to cause dementia [ 11 ]. This is important as the introduction of a vascular 
component to the process that causes cognitive impairment leads to the possibility 
of prevention. For example, the progression of cerebral white matter lesions and 
lacunar infarcts, the most common form of stroke lesions underlying VCI, may be 
associated with a variety of vascular risk factors such as cigarette smoking, elevated 
blood pressure, and baseline lesion load [ 12 ]. Lifestyle management and medical 
therapies have been shown to be effective ways to reduce or delay stroke and  car-
diovascular disease   risk and possibly consequent cognitive complications [ 13 ]. 

 In this chapter, we review  pathophysiologic mechanisms   and epidemiological 
evidence that link hypertension and other vascular risk factors to VCI and AD. We 
will show that these two disorders may have shared vascular risk factors and may 
be prevented by prevention or treatment of vascular factors. 

    Pathophysiologic Mechanisms and Epidemiological Evidence 

    Hypertension, VCI, and AD 

  Hypertension   is a highly prevalent vascular risk factor, and the association of this 
condition with dementia or cognitive decline has been shown in many epidemiologi-
cal studies. The  Honolulu Asia Aging Study (HAAS)  , for example, clarifi ed the 
association of midlife hypertension and risk of dementia in a cohort of 3703 
Japanese-American men. Among individuals with  untreated   hypertension, the rela-
tive risk of dementia was about four times higher in subjects with SBP >160 mmHg 
compared with those with SBP 110–139 mmHg (OR 4.8; 95 % CI 2.0–11.0), and 
3.8 times higher among individuals with DBP 90–94 mmHg compared with DBP of 
80–89 mmHg (OR 3.8; 95 % CI 1.6–8.7). These results were consistent for patients 
with AD and VCI  dementia subtypes   [ 14 ]. Treated hypertension was not a risk factor 
for the occurrence of later-life dementia, however, suggesting a direct cause–effect 
phenomenon and highlighting the potential for early blood pressure management to 
delay or even prevent cognitive decline. 

 In the  Atherosclerosis Risk in Communities (ARIC)   study, cognitive assess-
ments were administered to 10,963 subjects aged 45–64 years separated by 6 years. 
In this study, hypertension was defi ned by SBP ≥140 mmHg, DBP ≥90 mmHg, or 
use of antihypertensive medications. Hypertension or diabetes before the age of 60 
years was independently associated with cognitive decline over 6 years as measured 
by the digit symbol subtest of the Wechsler Adult Intelligence Scale-Revised [ 15 ]. 
Other vascular risk factors at baseline such  as   smoking, carotid intima–media wall 
thickness, and hyperlipidemia, however, were not associated with cognitive changes. 
Epidemiological and population-based studies have consistently shown an associa-
tion between cognitive decline and midlife hypertension. The data linking cognitive 
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impairment to late-life hypertension, in comparison, is less robust. In the ARIC 
study, for example, 13,476 young adults aged 45–94 years were categorized based 
on blood pressure at entry as normal (SBP <120 mmHg and DBP <80 mmHg), 
prehypertension (SBP 120–139 mmHg or DBP 80–89 mmHg), and hypertension 
(SBP ≥140 mmHg or DBP ≥90 mmHg). Neurocognitive assessments exploring 
verbal learning and short-term memory (Delayed Word Recall Test), executive 
function and processing speed (Digit Symbol Substitution Test), and executive 
function and expressive language (Word Fluency Test) were performed at baseline 
and prespecifi ed follow-up visits. Mean  z  scores for each test and global cognition 
were then calculated. In the median follow-up of 19.1 years, baseline hypertension 
was associated with a global  z  score decline of 0.056 (95 % CI −0.100 to −0.012). 
Among the group of patients with hypertension, change in global  z  score was less 
pronounced in individuals who received antihypertensives (−0.050 vs. 0.097). In 
this study, midlife but not late-life systolic BP was associated with a steeper cogni-
tive decline over time [ 16 ]. 

 These and other population-based studies, such as the Rotterdam, Göteborg, 
Uppsala, Finland, Canadian, and Framingham studies, provide additional evidence 
that supports hypertension as a vascular risk factor associated with late cognitive 
impairment or decline [ 17 – 21 ]. The interaction between both variables is complex 
and J- and U-shaped relationships have been described [ 22 – 24 ]. 

 More recently, the  Coronary Artery Risk Development in Young Adults 
(CARDIA)   study provided additional information regarding the effect of blood 
pressure on cognition. In this study, 2,326 young adults aged 18–30 years under-
went periodic blood pressure assessment. In the follow-up period of 25 years, blood 
pressure variability was associated with poor late cognitive performance indepen-
dent of the cumulative  exposure  to blood pressure [ 25 ,  26 ]. In addition, cognitive 
function was further compromised in patients with nocturnal hypertension [ 27 ]. 

 Different pathophysiological mechanisms have been proposed to explain the asso-
ciation of hypertension with cognitive impairment or decline. Hypertension may 
cause cerebrovascular damage in strategic areas of the brain involved in cognition. For 
example, the Rotterdam Scan Study has shown an association between the presence 
of silent brain infarcts and the risk of dementia and cognitive decline in individuals 
aged 60–90 years who were free of dementia  and stroke   at baseline. The presence of 
silent brain infarcts at baseline almost doubled the risk of dementia (HR 2.26; 95 % CI 
1.09–4.70). Furthermore, the occurrence of subsequent infarcts was associated with a 
steeper decline in global cognitive function [ 28 ]. In a multivariate regression analysis, 
cerebrovascular risk factors such as older age, female sex, cigarette smoking, and 
elevated blood pressure, as well as baseline lesion load, predicted small vessel disease 
progression at 3 years which paralleled cognitive deterioration [ 12 ]. 

 The location of the infarct may predict the cognitive domain affected and ulti-
mately the type of dementia. In the  Rotterdam Scan Study  , thalamic infarcts were 
associated with decline in memory and non-thalamic infarcts with psychomotor 
slowing [ 28 ]. In another study done in African-Americans, the CT and MRI fi nd-
ings of patients with AD ( n  = 78), vascular  dementia   ( n  = 66), and stroke  without 
dementia   ( n  = 41) were compared. On CT, white matter lesions, nonlacunar infarcts, 
and  left subcortical infarcts   were predictors of vascular dementia. Atrophy of the 
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temporal sulci, dilated temporal horns and third ventricle, and right hemisphere 
infarcts on brain MRI distinguished AD from vascular dementia [ 29 ]. 

 Pathological and biochemical studies have shown an association between hyper-
tension and AD. In autopsy studies, the densities of neurofi brillary tangles and 
senile plaques, both hallmarks of AD, were elevated in hypertensive patients with-
out dementia. In the  Honolulu Heart Program  /HAAS, SBP ≥160 mmHg in midlife 
was associated with brain atrophy and greater number of senile plaques in the neo-
cortex and hippocampus [ 30 ,  31 ]. In addition, in the AD Neuroimaging Initiative, 
adults with elevated pulse pressure and no symptoms of cognitive impairment were 
more likely to have elevated levels of AD biomarkers in the cerebrospinal fl uid, 
including amyloid-β and phosphorylated tau, and had a more rapid progression to 
dementia late in life [ 32 ,  33 ]. 

 A similar association between hypertension and AD has been shown in neuroim-
aging studies. A study of 511 non-demented subjects aged 60–90 years showed that 
higher DBP 5 years before MRI predicted hippocampal atrophy, and that higher 
number of white matter lesions in MRI was associated with more severe atrophy of 
the hippocampus and amygdala as characteristically seen in individuals with AD 
[ 34 ]. Also, studies done using  positron emission tomography (PET)   have shown 
that hypertension and elevated pulse pressure are associated with increased cortical 
deposition of amyloid-β in cognitively normal adults. This association was more 
clearly demonstrated in individuals that carry at least one  apolipoprotein E epsilon-
 4 (APOE ε4)   allele suggesting a synergism between vascular and genetic factors 
[ 35 ]. Furthermore, Proton MR spectroscopy studies have shown a higher myoinosi-
tol/creatine ratio in cognitively intact hypertensive older patients compared to 
healthy age-matched controls. Interestingly, the myoinositol/creatine ratio in the 
hypertensive group was similar to that observed in early AD patients, providing 
further evidence of common pathophysiologic changes in both conditions [ 36 ]. 

 Mechanistically, it has been suggested that chronic hypertension and other vas-
cular risk factors lead to endothelial injury and blood–brain barrier dysfunction 
resulting in increased protein extravasation in the brain parenchyma. In return, this 
increased protein extravasation contributes to neuronal and synaptic dysfunction, 
impairs the clearance of cerebral amyloid-β, and facilitates the reentry of peripheral 
amyloid-β into the CNS [ 37 ,  38 ]. In addition, the chronic exposure to vascular risk 
factors induces hypoxia and oligemia which increase the amyloidogenic processing 
of the amyloid precursor protein and amyloid-β aggregation, enhance the phos-
phorylation of tau protein, and downregulate the amyloid-β degrading enzyme 
neprilysin [ 39 – 43 ] (Fig.  15.1 ).

   Based on the epidemiological association between hypertension and cognitive 
decline, it has been proposed that blood pressure-lowering treatments could pos-
sibly prevent or ameliorate cognitive decline in patients with hypertension with-
out a history of stroke. However, the results of several studies addressing this 
hypothesis have shown confl icting results. In a cross-sectional study of 2212 
African-Americans aged over 65 years, antihypertensive treatment, excluding 
centrally acting sympatholytic drugs, was associated with a lower risk of diagno-
sis of c ognitive impairment defi ned by the Community Screening Instrument for 
Dementia score (OR = 0.56;  p  < 0.01) [ 44 ]. 
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 Similar results were observed in the phase 2 of the  Systolic Hypertension in Europe 
(Syst-Eur2)   randomized trial. This study was a double-blind, placebo- controlled trial 
which included non-demented hypertensive patients aged above 60 years. 
Antihypertensive study intervention was started after randomization in the active 
treatment group and after termination in the control group. The median follow- up was 
3.9 years, and the blood pressure in the placebo arm was 7.0/3.2 mmHg higher than in 
the active treatment arm. In this study, long-term antihypertensive therapy reduced the 
risk of dementia by 55 % ( p  < 0.0001) [ 45 ]. 

 However, in the  Systolic Hypertension in Elderly Prevention (SHEP) trial,   anti-
hypertensive treatment did not reduce the incidence of dementia in patients aged 
above 60 years with isolated systolic hypertension [ 46 ]. A subsequent analysis 
showed that cognitive and functional evaluations in this trial were biased toward the 
null effect due to differential dropout [ 47 ]. Similarly, the placebo-controlled  Study 
on Cognition and Prognosis in the Elderly (SCOPE)   failed to show a benefi t in 
terms of cognitive decline associated with blood pressure lowering in elderly hyper-
tensive patients [ 48 ]. The design of this trial allowed the use of open-label active 
antihypertensive therapy as needed. As a consequence, 84 % of the patients in 
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  Fig. 15.1    Potential pathogenic processes linking vascular risk factors to vascular cognitive 
impairment and Alzheimer’s disease. Vascular cognitive impairment is a disorder associated with 
both ischemic and hemorrhagic stroke. At the tissue level, the chronic exposure to vascular risk 
factors is associated with  blood–brain barrier (BBB)   dysregulation, endothelial dysfunction, and 
neuroinfl ammation. The BBB becomes increasingly permeable allowing the extravasation of 
blood cells and plasma macromolecules into the parenchyma. Some of these, such as thrombin and 
plasmin, have a direct effect on neuronal survival. In addition, there is an increased reentry of 
peripheral amyloid-β to the brain parenchyma. Endothelial dysfunction is associated with hypo-
perfusion and oligemia which facilitate the amyloidogenic processing of  amyloid precursor pro-
tein (APP)  , downregulate the activity the enzymes that metabolize amyloid-β, such as neprilysin, 
and increase tau phosphorylation. In addition, vascular risk factors trigger an infl ammatory 
response characterized by an increased production of multiple mediators including thrombin, nitric 
oxide, interleukins, and  matrix metalloproteinases (MMPs)  , among others, which lead to neuronal 
cell death and further compromise BBB and endothelial function       
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the placebo group received antihypertensive treatment, signifi cantly decreasing the 
blood pressure difference between the active treatment and the control groups. 
A recent systematic review comparing SHEP, Syst-Eur2, and SCOPE concluded 
that there is no convincing evidence from these trials that blood pressure lowering 
prevents the development of dementia [ 49 ]. 

 The  Hypertension in the Very Elderly (HYVET) trial   investigated the risks and 
benefi ts of hypertension treatment among subjects aged 80 years or older with SBP 
160–200 mmHg and DBP <110 mmHg. In this double-blind placebo-controlled 
trial, patients were randomly assigned to receive placebo or 1.5 mg of indapamide 
with the option of taking 2–4 mg of perindopril. The SBP treatment goal was 
150 mmHg, and the DBP goal was 80 mmHg. Individuals enrolled in this study had 
no prior history of dementia, and cognitive function was assessed at baseline and 
annually with the  Mini-Mental State Examination (MMSE)  . Patients with MMSE 
<24 points or a drop of 3 points in 1 year underwent expert evaluation and were 
classifi ed as having cognitive decline or dementia. This study was stopped prema-
turely after an interim analysis showed a reduction in stroke  and mortality   in the 
active treatment group. A total of 3336 subjects had at least one annual follow-up 
examination. During the mean follow-up period of 2.2 years, the rates of dementia 
in the active treatment and placebo groups were not signifi cantly different (HR 
0.86; 95 % CI 0.67–1.09) [ 50 ]. Early termination, short follow-up, and inclusion of 
individuals with low MMSE at baseline have been suggested as confounders that 
might explain the lack of a benefi cial effect of lowering blood pressure on the occur-
rence of dementia [ 51 ]. 

 A meta-analysis including results obtained in HYVET and other placebo- 
controlled trials of blood pressure-lowering treatment showed decreased risk  of 
 dementia in the active treatment group (relative risk 0.87;  p  = 0.045; 95 % CI 0.76–
1.00) [ 50 ]. Overall, clinical equipoise exists in relation to the potential benefi cial 
effects of blood pressure lowering on maintenance of cognitive vitality. 

 Different factors may account for the apparent discrepancy observed in the lon-
gitudinal and interventional studies, including short follow-up, differential dropout, 
and placebo patients receiving active treatment [ 49 ]. In addition, antihypertensive 
treatments may differ in their ability to prevent cognitive decline. In the HASS, for 
example, the use of  β-blocker monotherapy   but not other antihypertensive agents 
decreased the late development of cognitive impairment [ 52 ]. Interestingly, the pro-
tective effect of β-blocker was independent of hemodynamic variables such as SBP, 
pulse pressure, and heart rate suggesting that this drug class  may   infl uence amyloid-β 
deposition through pleiotropic mechanisms.   
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    Other Cardiovascular Risk Factors, VCI, and AD 

    Diabetes Mellitus and Insulin 

 The possible infl uence of diabetes mellitus, glycemia, and insulin levels on demen-
tia and cognitive decline has been a focus of interest [ 3 ]. In epidemiologic studies 
there has been controversy about the role of diabetes mellitus as a risk factor for 
AD, and clinically, there has been concern that tight control of glucose might lead 
to hypoglycemia and brain damage. Some of the latter concern has been allayed. In 
an average 18-year follow-up of 1144 patients with type 1 diabetes and mean age 27 
years enrolled in the  Diabetes Control and Complications Trial (DCCT)   and its 
follow-up  Epidemiology of Diabetes Interventions and Complications (EDIC)   
study, there were no substantial long-term declines in cognitive function despite 
relatively high rates of recurrent and severe hypoglycemia [ 53 ]. Forty percent of the 
subjects had at least one hypoglycemic coma or seizure event. Higher glycosylated 
hemoglobin levels, however, were associated with moderate and statistically sig-
nifi cant declines in motor speed ( p  = 0.001) and psychomotor effi ciency ( p  < 0.001). 
These  DCCT/EDIC fi ndings  , however, cannot be generalized to older patients. In 
another study, exaggerated postprandial plasma glucose excursions in older type 2 
diabetic persons were associated with impaired global, executive, and attention 
function, suggesting that tighter control of postprandial glucose might prevent cog-
nitive decline in older diabetic patients [ 54 ]. 

 A number of epidemiological studies have linked diabetes to dementia, 
impaired cognitive performance or risk of developing  cognitive impairment  , and 
vascular dementia, especially in the elderly and in subjects with severe systolic 
hypertension or heart disease [ 55 – 59 ]. In the Health Aging and Body Composition 
Study, patients with and without diabetes at entry completed modifi ed  MMSE   and 
Digit Symbol Substitution at baseline and at prespecifi ed intervals. In the 9-year 
follow-up period, patients with diabetes had an approximately 10 % decline in 
both measures compared to non-diabetic participants. Among diabetics, cognitive 
performance was particularly low in individuals with higher  HbA1c levels  , sug-
gesting that optimal glucose control might be an effective strategy to preserve 
cognition [ 60 ]. In relation to AD, there has been controversy. The Framingham 
Study, for example, did not show that diabetes increased the risk of incident AD 
overall; however, it could be a risk factor for AD in those without other risk fac-
tors such as elevated  plasma homocysteine levels   and the  APOE ε4 genotype   [ 61 ]. 
And in the Religious Orders Study, there was a relation between diabetes and 
cerebral infarction but not AD pathology [ 62 ]. 

 Several pathogenic processes link diabetes to AD. First, both insulin  and 
amyloid-β      are metabolized by the insulin-degrading enzyme. Thus, from the mech-
anistic standpoint, diabetic patients with hyperinsulinemia may have a decreased 
clearance of amyloid-β [ 63 ]. Second, diabetes and glucose intolerance are associ-
ated with an increased production of  advanced glycosylation end products (AGEs)  . 
These AGEs bind to AGE receptors (RAGEs) expressed in neuritic plaques, 
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 neurofi brillary tangles, neurons, and cerebral endothelium and modulate neuroin-
fl ammation, oxidative stress, and cellular damage. In addition, the binding of AGE 
to RAGE potentiates the toxicity of  amyloid-β   and facilitates its infl ux in the brain 
[ 64 ,  65 ]. Third, glycation of amyloid-β enhances its tendency to form aggregates 
[ 66 ]. Fourth,  hyperinsulinemia   is associated with increased production of  adipo-
kines   (such as adiponectin and leptin) and cytokines which infl uence cognition. 
Studies done in animal models, for example, demonstrate that leptin has a benefi cial 
effect on synaptic plasticity and memory [ 67 ,  68 ]. Also, in the Framingham study, 
elevated plasma levels of leptin were associated with improved cerebral volume and 
decreased risk of AD in non-demented adults [ 69 ]. Fifth, insulin receptors are 
located in the limbic system in high concentration and may affect cognitive perfor-
mance [ 70 ]. In a small study, for example, insulin infusion was shown to improve 
cognitive function and mobilize amyloid-β from neurons or reduce its breakdown 
to an unfavorable form [ 71 ]. Furthermore, in the  HAAS   both low and high fasting 
insulin levels were associated with increased risk of developing  dementia   [ 72 ]; in 
the  Columbia Aging Study hyperinsulinemia   was associated with a higher risk of 
AD and memory decline [ 73 ]; and in the Uppsala Longitudinal Study of Adult Men, 
impaired acute insulin response in midlife was associated with increased risk of AD 
up to 35 years later [ 74 ]. Additionally, the Nurses’ Health Study showed higher 
fasting insulin levels in subjects with cognitive decline, possibly independent of 
diabetes [ 75 ]. Finally, the insulin-degrading enzyme which has been implicated in 
the degradation of amyloid beta-protein and the intracellular amyloid precursor pro-
tein may act synergistically with APOE ε4 in increasing the risk of late-onset spo-
radic AD in Han Chinese [ 76 ]. 

 In relation to brain structure and function, increased peripheral insulin has been 
associated with reduced  AD-related brain atrophy  , cognitive impairment, and 
dementia severity [ 77 ]. In addition, the combination of insulin and other  diabetes 
medication   has been associated with lower brain neuritic plaque density [ 78 ]. 

 The effect of  glycemic control   on cognition has been controversial. In two small 
studies, the intranasal administration of insulin to patients with early AD or mild 
cognitive impairment improved attention, memory, and functional status supporting 
the trophic effect of insulin on cerebral function [ 79 ]. Peroxisome  proliferator- 
activated receptor-gamma (PPAR-gamma)   agonists have gained signifi cant atten-
tion in the fi eld as they have favorable pleiotropic functions, which include 
immunomodulation, neuroprotection, and enhanced processing of amyloid-β [ 80 , 
 81 ]. In a small placebo-control study, the  PPAR-gamma   agonist rosiglitazone nor-
malized plasma levels of amyloid-β and improved delayed recall and attention after 
6 months of treatment [ 82 ]. These promising observations, however, were not repro-
duced in the Rosiglitazone in Alzheimer’s Disease Study [ 83 ]. More recently, the 
 Action to Control Cardiovascular Risk in Diabetes (ACCORD)   study investigated 
the effect of two different glycemic control protocols on adult patients with type 2 
diabetes and cardiovascular disease. Subjects were randomized to intense glycemic 
control (HbA1c goal <6.0 %) or standard therapy (HbA1c goal 7.0–7.9 %). The 
 Memory in Diabetes (MIND) project   was a sub-study embedded in  ACCORD 
 which investigated cognitive outcomes based on intensity of glycemic control. A 
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total of 2977 individuals enrolled in ACCORD-MIND underwent  neurocognitive 
assessment   and brain imaging at baseline and 40 months. In this study, aggressive 
glycemic control reduced brain atrophy but did not sensibly affect cognitive out-
comes [ 84 ,  85 ]. Intense glycemic control, in addition, reduced the 5-year rate of 
myocardial infarction but increased the 5-year mortality rate [ 86 ]. Furthermore, 
prolonged glycemic control has also yielded negative results. In the Finnish Diabetes 
Prevention Study, lifestyle intervention with the goal of preventing the occurrence 
of diabetes did not improve cognition in the 9-year follow-up period [ 87 ].  

    B Vitamins and Homocysteine 

 Homocysteine (Hcy) is a  sulfur amino acid   that may be elevated secondary to defi -
ciencies of vitamin B 12  and folate [ 88 ]. Hcy is associated with endothelial dysfunc-
tion, vascular disease, neuropsychiatric disorders, clinical stroke, silent stroke, and 
brain white matter disease. Homocysteine has also been linked to hippocampal neu-
ronal loss, amyloid and glutamate neurotoxicity, and cognitive impairment and AD 
[ 88 ]. Administration of folic acid and vitamins B 6  and B 12  can lower Hcy levels. 

 The literature is replete with epidemiological studies that link Hcy to cognitive 
decline or other important markers of cognition. We now explore a few examples. 
In the Framingham Study, increased plasma Hcy was an independent risk factor for 
developing dementia and AD [ 89 ]. In the  Hordaland Homocysteine Study     , increased 
plasma Hcy was an independent risk factor for memory dysfunction, and a “favor-
able” change in folate or Hcy concentrations over time led to better memory perfor-
mance [ 90 ]. In the Northern Manhattan Study, cross-sectional data provided 
evidence that Hcy was a risk for white matter disease [ 91 ]. In the Baltimore Memory 
Study, higher Hcy levels were associated with worse  cognitive function   across a 
broad range of domains [ 92 ]. In the  Northern Manhattan Study  , in persons older 
than 65 years, elevated Hcy was independently associated with decreased cognition 
[ 93 ]. Other studies such as the Columbia Aging Project and one early report from 
the Rotterdam Study showed no link between high Hcy and AD or total Hcy and 
cognitive impairment, respectively [ 94 ,  95 ]. 

 Several more recently published epidemiological studies have suggested the fol-
lowing relationships between Hcy and cognition. In the population-based prospective 
 Three-City Study  , the association of high Hcy and low cognition in elderly persons 
was observed only in those with low folate levels [ 96 ]. In the Framingham Offspring 
Study, higher Hcy levels were associated with smaller brain volumes and silent brain 
infarcts on  magnetic resonance imaging (MRI)  , even in healthy, middle- aged adults 
[ 97 ]. In the  Oxford Project to Investigate Memory and Aging  , decrease in brain vol-
ume was greater among those with lower vitamin B 12  and holotranscobalamin levels 
and higher plasma Hcy  and   methylmalonic acid levels at baseline [ 98 ]. 

 Clinical trials of  vitamin supplementation   to lower Hcy and improve cognition, 
thus far, have been disappointing. In one such study, supplementation with daily 
folate (1000 μg) and vitamins B 12  (500 μg) and B 6  (10 mg) failed  to   improve cogni-
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tion in healthy persons 65 years of age or older with  plasma Hcy concentrations   of 
at least 13 μmol/L [ 99 ]. Similarly, a high-dose regimen of B vitamin supplements 
did not slow cognitive decline in persons with mild to moderate AD [ 88 ].  

     Table 15.1    Key relationships of select  cardiovascular risk factors   and cognition   

 Metabolic syndrome (MetS), Body mass index (BMI), and related factors 
 1.  MetS is associated with every grade of leukoaraiosis, AD, and may not be associated with 

cognitive decline in the oldest old [ 100 – 103 ] 
 2.  BMI is associated with AD pathology in persons with and without dementia and word-list 

learning and Digit symbol Substitution Test and word-list learning in healthy, non-
demented, middle-aged men and women, and declining BMI is associated with increased 
risk of AD [ 104 – 106 ] 

 3.  Central obesity and older age are negatively associated with hippocampal volumes and 
positively associated with white matter hyperintensities and vascular risk factors including 
obesity cluster and increase the risk of AD or dementia [ 107 – 109 ] 

 4. Diabetes type 2 duration and hyperglycemia may contribute to brain atrophy [ 110 ] 

 Dietary factors: risks and benefi ts on cognition and cognitive decline 
 1.   Dietary factors which may increase risk of cognitive impairment : high intake of calories and 

fats may be associated with a higher risk of AD in persons carrying the APOE ε4 allele; 
saturated fats may increase risk of cognitive impairment; and saturated or  trans -unsaturated 
fats  may    increase risk of AD [ 127 – 129 ] 

 2.   Dietary factors which may decrease risk of cognitive impairment : fatty fi sh and marine 
omega-3 polyunsaturated fatty acids (PUFAs) reduce risk of cognitive impairment [ 128 ]; 
high intake of unsaturated, unhydrogenated fats may protect from AD [ 129 ]; n-3 fatty acids 
and weekly consumption of fi sh may reduce risk of AD [ 130 ]; fatty fi sh may reduce risk of 
AD and dementia for those without APOE ε4 allele [ 131 ]; DASH (Dietary Approach to 
Stop Hypertension) and Mediterranean diets slow down the progression of cognitive decline 
and AD-associated mortality [ 147 – 149 ]; MIND diet, a hybrid of the Mediterranean and 
DASH diets, decreases the risk of AD [ 191 ]; plasma phosphatidylcholine reduces risk of 
all-cause dementia; and higher folate intake may decrease the risk of AD [ 132 – 134 ] 

 3.   Dietary factors which may infl uence cognitive decline : a diet high in saturated or  trans - 
saturated fat or low in nonhydrogenated unsaturated fats may be associated with cognitive 
decline; vitamin E from foods or supplements may be associated with less cognitive decline 
as may fi sh consumption, vegetables, and high intake of folate; and high dietary intake of 
copper in conjunction with a diet high in saturated and  trans -fats may be associated with 
accelerated cognitive decline [ 135 – 141 ] 

 4.   Dietary factors which may not be associated with increased or decreased risk on 
cognition or decline : high intake of total, saturated, and  trans -fat and cholesterol and low 
intake of  monounsaturated fatty acids (MUFAs)  , PUFAs, n-6 PUFA, and n-3 PUFA on 
risk of dementia or its subtypes; dietary, supplemental, or total intake of carotenes and 
vitamins C and E on risk of AD,     antioxidants vitamins C, E and beta carotene and zinc or 
copper on cognition; vitamin E had a weak or no protective effect on cognitive 
impairment; and omega-3 fatty acids in patients with mild to moderate AD did not delay 
the rate of cognitive decline [ 142 – 146 ] 
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    Metabolic Syndrome, Body Mass Index, and Related Factors 

 A number  of   epidemiologic studies provide a link between metabolic syndrome, 
BMI or related factors, and cognitive impairment. Key fi ndings from these studies 
are summarized in Table  15.1  [ 100 – 110 ]. In addition, more recently published stud-
ies have provided further verifi cation of some of the fi ndings in Table  15.1 . 
Specifi cally, midlife central obesity was shown to independently increase the risk of 
dementia in later life [ 111 ], and increased BMI in midlife was associated with MR 
spectroscopic fi ndings consistent with neuronal or myelin abnormalities primarily 
in the frontal lobes [ 112 ]. Finally, impaired insulin secretion as early as midlife was 
shown to increase the risk of AD up to 35 years later [ 74 ]. Metabolic syndrome, 
obesity, BMI, and related factors serve as targets for intervention to reduce the risk 
of cognitive impairment and decline.

       Cholesterol 

 Cholesterol and other lipid substances play an important role in normal brain func-
tion [ 113 ]. Abnormal central nervous system cholesterol homeostasis likely plays a 
role in the pathogenesis of AD via complex interactions  of   membrane cholesterol, 
ox sterols, APOE,  amyloid precursor protein (APP)   processing, and amyloid-β pep-
tide aggregation and toxicity [ 113 ]. Membrane cholesterol, for example, may be an 
important regulator of APP processing and may promote amyloidogenic processing 
through beta- and gamma-secretase instead of nonamyloidogenic processing via 
alpha-secretase. 

 Despite all of the interest in cholesterol as a risk for cognitive impairment and 
decline and the possible role of statin agents to reduce these risks [ 114 ], epidemio-
logical studies have provided mixed results about cholesterol as a risk factor for 
dementia or cognitive decline and the role of statin agents [ 115 – 120 ]. These studies 
also highlight the possible importance of APOE when dealing with cholesterol rela-
tionships and cognition and emphasize that elevated cholesterol in midlife may be a 
risk for later cognitive impairment, but this relationship may not hold in late life as 
cholesterol may decrease due to aging or as a result of cognitive decline [ 121 – 123 ]. 
Finally, clinical trials of statin agents have not conclusively shown a benefi t in pre-
vention of cognitive impairment or decline [ 124 ,  125 ].  

    Diet and Related Factors 

 Diet may be a factor which increases or decreases risk of cognitive impairment and 
decline. Oxidative stress is one of  the   mechanisms whereby this may happen [ 126 ]. 
There are many publications which address this topic. In Table  15.1 , we highlight 
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the results of select studies which show risks or benefi ts of diet on cognition and 
cognitive decline [ 127 – 149 ]. In addition, a recently published clinical trial of cog-
nitively healthy persons 65 years of age and older showed no overall effect of 26 
weeks of eicosapentaenoic and docosahexaenoic acid supplementation (fi sh oil) on 
cognitive performance [ 150 ].  

    Hormonal Factors 

 Estrogens may exert benefi cial effects on the aging brain by inhibiting beta-amyloid 
formation, stimulating cholinergic activity, reducing oxidative stress, and protect-
ing against vascular risks [ 151 ]. Although some observational epidemiological 
studies  have   suggested a benefi t of hormonal replacement therapy on a number of 
important outcomes such as cognition and cardiovascular disease [ 151 ,  152 ], an 
important clinical trial, the Women’s Health Initiative Memory Study, has shown 
that estrogen therapy did  not  reduce the incidence of dementia or mild cognitive 
impairment, and when pooling the results of estrogen alone and estrogen plus pro-
gestin, there were increased risks of both endpoints [ 153 ]. These results were con-
sistent for middle age (50–55 years) or older (65–79 years) women [ 153 – 155 ]. In 
addition, there was an adverse effect on global cognition in those treated with estro-
gen [ 154 ]. In another randomized controlled clinical trial, estrogen therapy admin-
istered for 1 year to women with mild to moderate AD did not slow disease 
progression nor improve global cognition or functional outcomes [ 156 ]. 

 The North American Menopause Society issued a position statement in 2012 
recommending that health-care professionals weigh the risks and benefi ts of estro-
gen and progestogen administration for use around the time of menopause for cer-
tain disorders (e.g., osteoporosis or fractures). This statement highlights the paucity 
of data supporting the use of hormonal treatment at any age for prevention or treat-
ment of cognitive decline or dementia [ 157 ]. It is believed that timing and duration 
of use of postmenopausal hormone replacement may hold the key to effective and 
safe administration of these medications. 

 Compared to  hormone replacement therapy   for women, there is  a   paucity of 
information about the effi cacy and safety of testosterone and androgens to improve 
cognition or prevent cognitive impairment in men [ 158 ,  159 ].  

    Exercise and Other Lifestyle Factors 

 A healthy lifestyle is believed to prevent cognitive impairment [ 2 – 5 ,  13 ,  160 ]. One 
of the components of healthy lifestyle is  exercise. Exercise   may have benefi cial 
effects which could prevent cognitive decline such as lowering of blood pressure, 
improving the lipid profi le, cerebral blood fl ow, glucose utilization, and oxygen 
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extraction, protective effects on the  vascular   endothelium, and other benefi ts. 
Overall, physical activity may oppose functional and structural changes of the brain 
that occur with aging [ 161 ], and epidemiologic observational studies suggest a ben-
efi t of exercise for prevention of cognitive impairment and decline [ 162 – 166 ]. For 
example, increased cardiorespiratory fi tness might reduce brain atrophy in AD and 
reduce the formation of senile plaques [ 161 ,  167 ]. 

 A clinical trial including subjects with a mean age of 68.6 years with subjective 
memory impairment showed that a 6-month program of exercise provided a modest 
improvement in cognitive function over an 18-month follow-up period [ 166 ]. For 
those who can partake in exercise and other healthy lifestyle choices, provision of 
habitual exercise, social interaction, adequate nutrition, and educational activities 
are reasonable prescriptions to improve well-being in later life, for stroke and car-
diovascular disease prevention, and possibly for prevention of cognitive impair-
ment or decline [ 3 ,  13 ,  168 ]. A meta-analysis including 11 randomized studies with 
healthy subjects older than 55 years showed that aerobic exercise is associated with 
an improvement in cognition [ 169 ]. Similarly, a modest alcohol consumption might 
prevent cognitive impairment or at least do no harm [ 3 ], whereas heavier alcohol 
consumption may be associated with smaller brain volume [ 170 ]. 

 Whereas case–control trials have been inconsistent in relation to smoking, 
pooled analysis from cohort studies shows a substantial association with dementia 
(RR of 1.99; 95 % CI 1.33–2.98) [ 171 ,  172 ]. The effect of smoking on the risk of 
dementia  may  be age-dependent and more deleterious at younger ages [ 172 ]. This 
observation may be explained, at least in part, by selection bias due to censoring by 
death in the elderly [ 172 ]. 

 In a meta-analysis of 19 prospective studies and 17,023 participants, current 
smokers had a greater yearly decline in MMSE than those who never smoked,  and 
  current smokers had increased cognitive decline compared to former smokers [ 173 ]. 
In another epidemiological study of 10,211 men aged 40–59 years at baseline and 
followed by 40 years, the  hazard ratio (HR)   of death from dementia among heavy 
smokers was 1.58 (95 % CI 1.03–2.43) compared to nonsmokers [ 174 ].  

    Infl ammation and Nonsteroidal Anti-infl ammatory Drugs 

 Cytokine-mediated mechanisms may be involved in the pathogenesis of AD and 
other forms of cognitive impairment in the elderly [ 175 ]. Observational epidemio-
logical studies have suggested a possible protective relationship of NSAIDs on cog-
nition [ 176 ,  177 ]. Despite the encouraging but not confi rmatory observational study 
evidence pointing to the possible benefi ts of NSAIDs on cognitive function, clinical 
trials have not verifi ed the observational study fi ndings. In a study  of   mild to moder-
ate AD patients who were about 74 years of age, neither  rofecoxib   (25 mg/day) nor 
low-dose naproxen (220 mg twice daily), compared to placebo, slowed cognitive 
decline [ 178 ]. In another clinical trial study, men and women aged 70 years and 
older with a family history of AD received either  celecoxib   (200 mg twice a day), 
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naproxen (220 mg twice a day), or placebo [ 175 ]. Neither celecoxib nor naproxen 
improved cognitive function, and there was some evidence to suggest a detrimental 
effect of naproxen. More recently, a meta-analysis including 14 randomized con-
trolled trials concluded that neither aspirin, steroids, traditional NSAIDs, nor cyclo-
oxygenase-2 inhibitors sensibly modify the natural history of AD [ 179 ].  

    Possible Novel or Emerging Factors 

 Several possible novel or emerging cardiovascular risk factors for cognitive func-
tion include cystatin C, serum uric acid (UA), and cerebral  microbleeds  . Cystatin C, 
a measure of kidney function, co-localizes with brain beta-amyloid, and high levels 
of cystatin C may be associated with cognitive impairment [ 180 ]. Serum UA may 
be associated with cognitive impairment; however, this relationship may be medi-
ated by severity of cerebral ischemia such as brain white matter hyperintensities 
[ 181 ]. Cerebral microbleeds have been associated with white matter disease, par-
ticularly in APOE ε4 carriers, and may portend an increased risk of cognitive 
impairment [ 182 ,  183 ]. In Rotterdam Scan Study and in the Singapore Study, for 
example, microbleeds were associated with poor neurocognitive performance inde-
pendently of vascular risk factors [ 184 ,  185 ]. 

 Finally, it has been suggested that the presence of atherosclerosis or atrial fi bril-
lation may be linked to AD [ 186 ,  187 ]. Linkage of these factors to AD could pro-
vide new avenues for prevention.   

    Conclusion 

 Our approach to dementia and cognitive impairment has shifted. Now, cognitive 
impairment is conceptualized along a continuum of milder to more severe forms 
whereby we have moved our focus from effects to causes of cognitive impairment. 
The latter approach is well suited for prevention of dementia and cognitive impair-
ment and for the maintenance of cognitive vitality as a mechanistic- based approach 
to the prevention of these disorders when they manifest at early stages is likely to be 
prudent. Whereas observational epidemiological studies provide evidence of benefi t 
for control of traditional cardiovascular disease risk factors for the maintenance of 
cognitive vitality, such hypotheses need to be tested in large-scale clinical trials to 
provide more defi nitive proof of effi cacy and safety. We anticipate that the lifecycle 
stage of intervention will be an important factor to consider.  The American Heart 
Association and the American Stroke Association   issued a position statement in 
2011 related to the contribution of vascular diseases and risk factors to cognitive 
impairment and dementia. This document emphasizes that early modifi cation of 
vascular risk factors may be required to prevent or postpone the onset of VCI or AD 
[ 188 ]. However, once cognitive impairment is present, cerebrovascular brain injury 
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may either be too extensive or may require a different strategy for successful 
remediation. 

 The pathophysiologic distinction between AD and VCI has been challenged and 
has become somewhat blurred given the possible shared risks and mechanisms for 
these disorders [ 189 ,  190 ] (Fig.  15.1 ). By better understanding underlying mecha-
nisms we may be able to better prevent and treat these important disorders of later life.        
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    Chapter 16   
 Hypertension, Cerebral Small Vessel Disease, 
and Cognitive Function                     

     David     L.     Nyenhuis     

        Vascular Cognitive Impairment (VCI)   is caused by a heterogeneous group of neu-
rovascular pathologies, including large vessel ischemic infarction, hemorrhage, and 
the combination of cerebrovascular and Alzheimer’s pathology [ 1 ]. However, VCI 
is primarily associated with subcortical gray and white matter pathology arising 
from small vessel disease. Hypertension is a major factor in the development of 
small vessel disease. This chapter will focus on linkages between hypertension, 
small vessel disease, cognitive decline, and dementia. 

    Pathophysiology of Small Vessel Disease 

 Small vessel disease is not a unitary entity. It is associated with both focal lacunar 
 infarction   in subcortical regions of gray and white matter and more diffuse, less 
well-defi ned white matter pathology. The “small vessels” consist of intracerebral 
end-arteries and arterioles, most often located in border zone areas that are vulner-
able to ischemic changes associated with aging [ 2 ,  3 ] and exacerbated by chronic 
hypertension [ 4 ]. These changes include  microvascular fi brosis   and basement mem-
brane thickening, which in turn lead to a narrowing of the arteriole lumen [ 5 ]. 

    Lacunar infarctions are most often found in basal ganglia structures, in periven-
tricular white matter, and in other subcortical gray matter structures, such as the 
thalamus [ 6 ]. The advent of modern neuroimaging techniques such as MRI has 
resulted in a proliferation of studies examining the presence, severity, and effects 
of white matter hyperintensities (WMH) and its underlying pathologic substrate. 
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The underlying white matter lesions (WML) that show as WMH on MRI are thought 
to consist of the combination of demyelination, lacunar infarction, and axonal loss 
[ 7 ]. The histopathology of WML includes diffuse pallor of the white matter and 
rarefaction of the myelin sheaths. This demyelination tends to spare subcortical 
U-fi bers [ 8 ]. Reactive gliosis consistent with ischemic injury and cell death is also 
seen [ 9 ]. The total volume of WMH is inversely related to brain volume, as mea-
sured by brain parenchymal fraction (BPF). This supports the hypothesis that axo-
nal loss and cell death are associated with WMH. Vascular abnormalities such as 
microangiopathy of penetrating vessels, tortuosity of hyalinized vessels, and more 
focal fi brinous necrosis accompany white matter lesions [ 8 ].  

    Hypertension and Small Vessel Disease 

    The relationship between hypertension and small vessel disease is complex, involv-
ing an interaction between extensive cardiovascular/cerebrovascular autonomic 
systems.    While this relationship is covered more extensively in other chapters in 
this text, in the simplest forms, hypertension induces vascular hypertrophy, which 
in turn leads to increased vascular resistance [ 4 ]. After an acute rise in pressure, 
stretch receptors in arterial walls feed back to “reset” the system, thereby attempting 
to lower blood pressure. Small vessel disease is thought to occur because of cerebral 
arteriosclerosis of the penetrating vessels or episodic hypoperfusion secondary to 
hypertension [ 6 ]. Some have suggested that venular-based ischemia also has a role 
in small vessel disease [ 5 ]. Similar to a fl uid-fi lled balloon which is squeezed on one 
end causing a displacement of fl uid toward the distal zone, when pressure is released, 
   that same distal area of previously high volume experiences a dramatic drop in vol-
ume. In older adults whose arteries may be less elastic and “brittle,” such dramatic 
shifts  require   more time for recovery, leaving areas transiently under-perfused. 
Likewise, in the cerebrovascular system, given their size and location,    smaller 
diameter vascular distributions or border zone areas appear most vulnerable to isch-
emic changes associated with hypertension. Periventricular white matter regions are 
also particularly vulnerable to hypoxic injury following sudden changes in blood 
pressure as these areas are perfused by long and small diameter medullary arteries.  

       White Matter Hyperintensities and Cognition 

 WMH are commonly viewed  in   T2-weighted MRI images of the elderly; 92 % of 
the community sample enrolled in the Rotterdam Scan Study [ 10 ] and 95 % of the 
Cardiovascular Health Study sample [ 11 ] showed at least a mild degree of 
WMH. However, WMH may not be associated with cognitive decline in everyone, 
and many consider these changes to be relatively benign. Questions arise to how or 
to what degree white matter pathology affects cognition. The presence of WMH has 
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been associated with cognitive impairment and dementia [ 12 ,  13 ]. While  severity   of 
the disease burden inversely relates to cognitive performance, the relationship of 
reduced cognitive performance can be observed even when burden is relatively 
small [ 14 ]. The Cardiovascular Health Study reported on 3301 community elderly 
with no history of stroke or transient ischemic attack who underwent MRI and two 
measures of cognitive function. Using templates, radiologists graded WMH on a 
scale from 0 (none) to 9. Higher grades were associated with older age, silent stroke 
on MRI, and higher systolic blood pressure (SBP). The grade of WMH was also 
found to correlate with cognitive impairment; the higher the grade, the greater the 
likelihood of cognitive dysfunction [ 11 ]. The investigators concluded that asymp-
tomatic white matter fi ndings might not be clinically insignifi cant or benign. In a 
separate study, Gouw et al. [ 15 ] examined the relationship between cognition and 
WMH in 639 non-demented elderly subjects 65–84 years of age. The volume of 
WMH correlated with decreased performance on the Mini-mental State Examination 
(MMSE), a widely used cognitive  screening test   that has been criticized for its fail-
ure to assess executive functioning (i.e., initiation, planning, higher-order problem- 
solving behaviors) or processing speed domains. That the correlation was found 
despite the relative insensitivity of the outcome measure supports a robust relation-
ship between volume of WMH and cognition. 

       Pattern of Cognitive Dysfunction in Patients with White Matter 
Hyperintensities 

 Compared to Alzheimer’s disease, which presents with prominent impairments in 
episodic memory, the heterogeneous nature of  VCI   makes it more diffi cult to charac-
terize a prototypic cognitive presentation. Often, executive function is labeled as a 
core VCI defi cit. Executive function is the term used to describe an array of cognitive 
functions believed dependent on frontal lobe and related subcortical function. 
Behaviors such as nonverbal reasoning, planning, initiation, problem-solving, work-
ing memory, and higher-order aspects of attention fall under the “executive” rubric. 
These behaviors are assumed to be supported by many distributed and parallel neural 
networks and various “executive functions” can be disrupted, dependent on the 
extent and nature of the network disruption. Several studies have suggested a pattern 
of defi cits in VCI marked by executive dysfunction, slowed information processing, 
inconsistent new learning and memory, bradykinesia, and disturbances in affect or 
emotional regulation [ 16 ,  17 ]. This pattern is linked with the presence and severity of 
WMH in patients with and without other subtypes of VCI-related pathology, such as 
large artery infarction [ 16 ]. However, the presence of executive dysfunction  in vivo  
may not be strongly predictive of the presence of underlying cerebrovascular pathol-
ogy assessed at autopsy [ 18 ], and persons with cerebrovascular disease show a more 
diverse set of cognitive defi cits than persons with probable Alzheimer's disease [ 17 ]. 
This raises questions of the specifi city of executive dysfunction to VCI, especially in 
patients with mixed cerebrovascular and Alzheimer’s pathology.  
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       Location of White Matter Hyperintensities and Cognition 

 The location of white matter changes appears to have a differential effect on cogni-
tive functioning. WML in periventricular regions may disrupt bundles of choliner-
gic fi bers resulting in cholinergic denervation [ 19 ], which could contribute to  the 
  development of cognitive decline and executive dysfunction. In a study examining 
the role of WMH and executive function, Oosterman et al. [ 20 ] examined the per-
formance of 151 subjects with WMH on several tasks of executive functioning. The 
authors found signifi cant correlations with WMH and performance on tasks of inhi-
bition, planning, and working memory. Of interest, periventricular WMH corre-
lated with inhibition and working memory, while diffuse WMH correlated with 
planning ability. 

 The Rotterdam Scan Study was a prospective population-based cohort study 
examining age-related changes to the brains of cognitively intact elderly people 
across seven years. Using 1077 participants from this study cohort, Prins et al. [ 21 ] 
determined that over the course of the study, more severe periventricular WML, but 
not subcortical WML, increased the risk of dementia. The association between peri-
ventricular WML and dementia was independent of the presence of cerebral infarcts, 
incident stroke, or generalized brain atrophy. De Groot et al. [ 13 ] reported similar 
fi ndings. 

 Debette et al. [ 22 ] examined the relationship between subcortical and periven-
tricular WMH on MMSE and Dementia Rating Scale performance over two assess-
ments (mean duration three years) in 170 patients with mild cognitive impairment 
(MCI). Relative to patients whose cognitive scores did not change or improved over 
the assessments, individuals who demonstrated cognitive decline had a higher num-
ber of periventricular and subcortical white matter hyperintensities at baseline. The 
rate of global cognitive decline was also associated with a higher number and an 
increase in the amount of white matter abnormalities. This was especially apparent 
when comparing periventricular hyperintensities and decline in the executive func-
tion domain. Another study by Bombois et al. [ 23 ] reported that presence of subcor-
tical hyperintensities was also associated with executive dysfunction, regardless of 
MCI subtype. 

 Prins et al. [ 24 ] examined 1440 non-demented subjects from the original 
Rotterdam Scan Study on imaging and neuropsychological variables at three time 
intervals. The authors evaluated the relationship between cerebral small vessel dis-
ease and rate of decline in select domains of cognitive function. They found that 
periventricular lesions, infarcts, and generalized atrophy correlated with the rate of 
decline in global cognitive function. Increasing severity of periventricular and sub-
cortical white matter lesions was associated with steeper declines on tasks of infor-
mation processing speed while subcortical lesions alone were signifi cantly 
associated  with   declines on a task of executive function (i.e., verbal fl uency). It 
could be that damage to the long association efferent fi bers in the periventricular 
regions has relative importance in impacting connectivity and thus cognitive func-
tion. The presence of periventricular lesions may signal the loss of functional 
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integrity in frontal-subcortical systems. Indeed, the periventricular region has a 
high number of long association fi bers which connect subcortical to cortical 
regions. While some have questioned whether the periventricular and deep subcor-
tical WMH arise from similar processes [ 25 ], others have noted more severe and 
varied cognitive defi cits associated with deep versus periventricular WMH [ 26 ]. It 
is therefore not yet clear whether cognitive differences are due to location or the 
severity of white matter pathology.  

       Volume of White Matter Hyperintensities and Cognition 

 Questions remain whether a critical volume of WMH must be reached before there 
is a disruption in cognitive function. Visual rating scales have historically been 
employed to estimate the amount of WMH volume [ 11 ]. Using these methods, 
higher graded WMH severity has negatively correlated with cognitive performance. 
Studies which have utilized computerized quantifi cation show similar inverse rela-
tionships between WMH volume and cognitive performance, particularly in the 
domains of visual scanning and motor speed [ 27 ], visuospatial memory [ 27 ], verbal 
recognition memory [ 28 ], working memory [ 28 ], and new learning [ 27 ]. Wright 
et al [ 29 ] examined 656 subjects from the Northern Manhattan Study (NOMAS); 
they calculated WMH volume using semi-automated MRI methods. Examining 
WMH volume both as a continuous variable and by quartiles, the authors found that 
WMH volume was inversely related to cognitive performance on tasks of senso-
rimotor ability, cognitive fl exibility, and mental sequencing. Further, they deter-
mined that having WMH volume of 0.75 % of cranial volume or greater was 
associated with poorer cognitive performance, which the authors concluded pro-
vides evidence of a threshold effect.  

       Lacunar Infarction and Cognition 

 Based on extensive functional neuroanatomic connectivity, subcortical structures 
interact with frontal regions in a distributed neural network. The smaller penetrating 
arteries such as the anterior and posterior choroidal, lenticulostriate, Heubner’s, and 
tuberothalamic arteries that perfuse subcortical gray matter and white matter are 
especially vulnerable to occlusive change and subsequent brain ischemia following 
increases in blood pressure. Given that these structures receive their blood supply 
through deep penetrating arteries, subcortical structures such as the thalamus and 
basal ganglia are vulnerable to vascular injury secondary to hypertension. Indeed, 
studies have shown abnormal blood fl ow in basal ganglia and related frontal regions 
(e.g., anterior cingulate) in patients with high blood pressure who did not otherwise 
demonstrate cognitive impairment or other signs of cerebrovascular disease [ 30 ]. 
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 Five frontal-subcortical loops have been identifi ed [ 31 ], three of which have 
direct relevance to cognitive function. A disconnection hypothesis offers that 
lesions at various points within these parallel networks can result in three somewhat 
distinct neurobehavioral syndromes. Damage to the dorsolateral prefrontal circuit 
results in a dysexecutive syndrome. A compromised orbitofrontal circuit results in 
social disinhibition. Disruption in the anterior cingulate medial frontal circuit mani-
fests in marked apathy. Given the role of subcortical nuclei in integrating informa-
tion and modulating output, a strategic lacunar infarct may result in a more 
pronounced frontal-subcortical behavioral syndrome, but general compromise of 
white matter pathways could also serve to disrupt the functioning of one or all three 
of these pathways.  

    Basal Ganglia, Thalamus, and Cognition 

 Stroke confi ned to the  basal ganglia   impacts cognitive function in almost all domains 
assessed [ 32 ]. Basal ganglia nuclei have been extensively studied in their role in 
movement. Lesions of basal ganglia nuclei result in alterations in muscle tone, 
abnormal movements, ideomotor apraxia, reduced spontaneous movement, and 
slowing of movements. A line of research has focused on the role of the basal gan-
glia in larger neural networks including those involving cognition, emotion, and 
behavior. These studies have implicated the basal ganglia in mood regulation, goal- 
directed behavior, and higher-order cognitive function [ 33 – 35 ]. The basal ganglia 
also have a relationship with core limbic structures including the hippocampus and 
amygdala that are critical to drive-related behaviors associated with reward and 
reinforcement.    The extent of direct and reciprocal connections suggests that the 
basal ganglia facilitate the integration of complex affective, social, and cognitive 
processes, and thereby infl uence the affective or motivational salience of the input 
reaching the prefrontal systems [ 31 ,  36 – 38 ]. The basal ganglia appear key to many 
cognitive functions including implicit or procedural memory, motor learning, 
sequencing, stimulus-response based learning, and attention [ 35 ,  39 ], and contrib-
ute to higher-order cognitive function, including working memory [ 40 – 42 ], response 
inhibition, response generation, and cognitive fl exibility [ 39 ,  43 ]. 

 The  thalamus   comprises many functionally distinct nuclei involved in parallel 
and reciprocal cortical-subcortical neural loops. The thalamus exists as an impor-
tant relay station with rich connections to the basal ganglia and frontal lobes. 
Individual thalamic nuclei are involved in many cognitive functions including lan-
guage, memory, response inhibition, working memory, and attention [ 44 – 46 ]. 

 The thalamus receives its blood supply from several vessels. Specifi c nuclei and 
various neurobehavioral syndromes are observed following strategic infarcts con-
fi ned to these vessels. The paramedian thalamic artery arises from the basilar artery 
and supplies bilateral anteromedial regions involved in memory systems, specifi -
cally the mediodorsal nucleus of the thalamus. Bilateral infarction of the distribu-
tion of the paramedian thalamic artery not surprisingly is associated with a dementia 
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syndrome [ 47 ] and may also present with personality changes including apathy, 
disinhibition, and psychosis [ 48 ]. As the principle target of output for basal ganglia 
and thalamus is the frontal lobes, localized lesions in these regions result in wide-
spread disruption of frontal-striatal circuits. Carrera et al. [ 49 ] examined 71 patients 
with MRI and document stroke confi ned to four “classic” thalamic territories. They 
compared each on tests of cognition, and found that patients with strokes confi ned 
to three of the territories (the anterior, paramedian, and inferolateral thalamus) all 
demonstrated some degree of cognitive impairment, most consistently in areas 
related to executive functions. Defi cits in verbal fl uency, initiation, and anterograde 
memory with better recognition performance were observed in patients with antero-
median territory involvement.    As such, the cognitive changes usually observed in 
patients with subcortical white matter hyperintensities and/or lacunar infarctions 
resemble a frontal-subcortical disconnection syndrome.   

    Small Vessel Disease and Mood 

 While poststroke  depression   is found after either large vessel stroke or subcortical 
lacunes [ 50 ,  51 ], the data on the relationship between small vessel disease (SVD) 
and depression is mixed [ 52 ,  53 ].  There   is support for a very modest relationship 
between SVD and depression. For example, in a group of nondisabled elderly, 
O’Brien et al. [ 54 ] found a weak correlation between the presence of lacunar infarc-
tions and depression symptoms. In this same study, WMH showed a more robust 
relationship to depressive symptoms than lacunar infarction. It is critical to note that 
symptoms associated with depression may actually be indicative of other neurobe-
havioral syndromes, rather than a primary mood disturbance. Turning again to the 
basal ganglia lesion literature, in individuals with basal ganglia dysfunction, one 
often observes apathy, loss of motivation and diminished spontaneity, reduced ver-
bal output, paucity of facial expression, diminished motor behavior, and increased 
response latency [ 36 ,  37 ]. These symptoms are observed in depression, but are not 
always indicative of a primary depressive episode [ 55 ]. Given the psychiatric 
changes associated with frontal-subcortical disruption, especially the medial frontal 
system, it may be that individuals who present as depressed actually demonstrate 
abulia, anhedonia, or other forms of mood dysregulation instead of low mood.  

    Hypertension and Cognitive Dysfunction 

 NHANES (2011–2012) [ 56 ] reports that hypertension prevalence is 65 % in indi-
viduals aged 60 and older. Hypertension and small vessel disease are long estab-
lished risk factors for stroke and vascular dementia (VaD) [ 57 ]. It is also well 
documented that  lowering   blood pressure in hypertensive patients decreases the risk 
of stroke and cerebral white matter disease [ 6 ]. It is less clear if lowering blood 
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pressure will have similar protective effects on cognition and the prevention of 
dementia. The relationship between hypertension and cognition is not likely to be 
linear.    Beyond hypertension-specifi c variables (i.e., how well hypertension is con-
trolled, duration, systolic blood pressure [SBP]/diastolic blood pressure [DBP] 
level), other determinants such as age and ApoE4 allele status play a role in the 
development and extent of subcortical white matter lesions [ 6 ] and possibly cogni-
tive decline. 

       Cross-sectional Studies 

 Signifi cant research has been dedicated to exploring the relationship between hyper-
tension and cognitive change. The fi ndings are often mixed. The interpretation of 
study results is complicated by differences across investigations in methodology 
such as the defi nition of hypertension, marker of hypertension (e.g., SBP versus 
DBP), cognitive domains assessed, sample variables (i.e., age, gender, race), treat-
ment with antihypertensives (e.g., yes or no, specifi c type of medication), and pres-
ence of comorbid conditions or other risk factors for cognitive decline. 
Cross-sectional studies using outcome measures more sensitive to white matter 
changes (and presumably changes associated with elevated blood pressure) have 
inconsistently demonstrated a relationship between elevated blood pressure and 
cognitive decline and dementia [ 58 – 63 ]. 

 Cross-sectional studies have extensively examined the effects of hypertension on 
domain-specifi c cognitive measures. Hypertension at an earlier age, of more chronic 
duration, and more poorly controlled tends to adopt a linear, inverted “U”-shaped 
[ 64 ,  65 ] or “J”-shaped [ 66 ] relationship with cognition. Hypertension has been 
demonstrated to adversely impact simple attention [ 67 ,  68 ], executive function [ 66 , 
 68 ], and psychomotor speed [ 66 ,  68 – 71 ]. Thus, the cognitive domains impacted 
(i.e., executive functions, processing speed) are similar to those affected in patients 
with cerebral white matter disease and VCI.    However, other cross-sectional studies 
with detailed neuropsychological batteries fi nd no relationship between hyperten-
sion and cognition [ 72 – 74 ]. Some argue that age-effects contribute to these confl ict-
ing fi ndings. Qiu et al. [ 59 ], in their review of this literature, hypothesize that a 
minimum level  of   blood pressure is necessary to support cognitive functions. 
Additionally, low blood pressure in the elderly could in itself serve as a marker for 
cognitive impairment.  

    Longitudinal Observational Studies 

    Despite methodological differences, longitudinal studies with detailed neuro-
psychological protocols consistently demonstrate that midlife hypertension 
increases the risk for cognitive dysfunction later in life. Birns and Kalra [ 16 ] review 
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22 longitudinal studies, 15 of which include domain-specifi c cognitive measures. 
All 22 studies report a relationship with cognitive dysfunction and chronic hyper-
tension (i.e., inverse relationship, J- and U-shaped, quadratic). One study found that 
individuals who demonstrated a reduction of blood pressure over the course of the 
study evidenced decreased performance on speeded tasks, but individuals within 
this blood pressure subgroup tended to be taking medication with possible sedating 
effects [ 75 ]. The specifi c cognitive domains vulnerable to the effects of chronic 
hypertension are executive functions [ 68 ,  75 ], attention [ 76 ], psychomotor speed 
[ 77 ], and verbal memory [ 75 ]. The interpretation of many longitudinal studies is 
complicated by differing antihypertensive treatments, with potentially differential 
impact on remediating or preventing cognitive decline. 

 Using data from the Honolulu Asia Aging Study, Peila et al. [ 78 ] examined the 
cognitive performance of hypertensive middle-aged cognitively intact men at three 
time periods over a total of 12 years. The authors found that normotensive adults 
and persons being treated with antihypertensives showed less cognitive decline 
compared to persons who were never treated for hypertension. Moreover, for each 
year of treatment with antihypertensives, there was a reduction in the risk of inci-
dent dementia. Murray et al. [ 79 ] conducted a longitudinal analysis of the effects of 
antihypertensive medications on cognition in 1617 cognitively intact African- 
American participants over three time periods: baseline, 2 years, and 5 years. They 
found that antihypertensive medication reduced the odds of demonstrating cogni-
tive impairment by 38 % compared to individuals who did not use medication. In 
participants with uncontrolled hypertension who did not use medication, incident 
cognitive impairment was 6 % higher compared to participants with controlled 
blood pressure who were continuously taking medication.  

    Randomized Placebo-Controlled Clinical Trials 

    Lowering blood pressure has been demonstrated to reduce stroke risk. It is less clear 
if lowering blood pressure can reduce white matter disease burden or alter the trajec-
tory of cognition over time. Birns and Kalra [ 16 ] detail eight clinical trials that focus 
on the effects of antihypertensives on cognition. The fi ndings across trials are mixed. 
It would appear that lowering blood pressure with various therapeutic agents does not 
impair cognition, but there is only inconsistent evidence that reducing blood pressure 
improves cognition or prevents dementia [ 80 ,  81 ]. Table  16.1  summarizes these fi nd-
ings. Studies which do support a positive association with antihypertensive treatment 
and cognition suggest that the effect may depend on the type of antihypertensive drug 
used (e.g., calcium channel blocker, diuretic, angiotensin receptor antagonist) and the 
benefi ts appear to affect global functioning as measured by the MMSE versus indi-
vidual cognitive domains [ 82 – 84 ]. In studies with more rigorous cognitive outcome 
measures, it appears that ACE inhibitors and calcium channel blockers may be associ-
ated with fewer deleterious effects on cognitive function [ 85 ] than other medications 
such as thiazide, which may have sedating effects [ 86 ,  87 ].
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   In a study of 2902 non-demented patients randomized to antihypertensive treat-
ment with nitrendipine with possible additional enalapril maltese and hydrochloro-
thiazide versus no medication, Forette et al. [ 88 ] in the extended follow-up of the 
 Systolic Hypertension in Europe (Syst-Eur) trial   found that the incidence of demen-
tia was reduced by 55 % in the treatment group. While the authors originally hypoth-
esized that antihypertensives would reduce the risk of VaD, the follow-up study 
found that the incidence of dementia was reduced for all dementia subtypes, pre-
dominantly Alzheimer’s disease (AD). The authors speculate that the protective 
benefi ts of calcium channel blockers may be in areas of shared pathology in AD, 
VaD, and mixed AD + cerebrovascular disease presentations. 

 A secondary analysis of the  Perindopril Protection Against Recurrent Stroke 
Study (PROGRESS)   study examined if lowering blood pressure would reduce 
the risk of dementia and cognitive decline among individuals with cerebrovas-
cular disease [ 82 ]. The study included 6105 participants with a history of TIA 
or ischemic stroke in a randomized double-blind, placebo-controlled study. 
Cognitive decline was assessed at baseline, 6 months, 12 months, and annually 
using the MMSE, with decline being a reduction of three or more points between 
two visits. Active treatment reduced the risk of “cognitive decline with recur-
rent stroke” by 19 % and a risk reduction of 31 % for developing dementia in 
participants with no cognitive impairment at the baseline assessment. However, 
active treatment did not appear to impact participants classifi ed as cognitively 
impaired at the outset of the study. The authors concluded that the benefi ts of 
treatment are primarily the consequence of stroke prevention rather than a direct 
effect  on   dementia or cognitive decline. A follow-up substudy comprising 192 
individuals who had a baseline and follow-up (mean duration 36 months) MRI, 
supported this conclusion as the risk of developing new WMH was reduced by 
43 % in the active treatment group [ 89 ]. 

 Skoog et al. [ 12 ] in the  Study on Cognition and Prognosis in the Elderly (SCOPE)   
examined the effects of antihypertensives on cognition as measured by MMSE in a 

   Table 16.1       Studies examining effects of antihypertensives on cognitive outcome   

 Type of agent  Impact on cognitive outcome variable  Domain specifi c 

 Positive 
impact 

 Negative 
impact 

 No signifi cant impact 
on cognitive function 

 ACE inhibitor  82  86 
 Alpha agonist 
 hypotensive   

 85  Increased processing speed/
reaction time on vigilance 
task (i.e., sedating) 

 Alpha blocker  87 
 Angiotensin 
receptor blocker 

 83 

 Beta blocker  80, 81, 86, 87 
 Calcium channel 
blocker 

 84, 85  Increased vigilance/attention 
(i.e., alerting), 85 

 Thiazide diuretic  84  86, 87  80, 81 
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randomized placebo-controlled study of 4937 patients aged 70–89 years with mild 
to moderate hypertension followed over the course of three to fi ve years. This study 
compared subjects with slightly lower baseline MMSE scores to those with higher 
scores. Despite a reduction in blood pressure, individuals with lower cognitive 
functioning scores at baseline were at a higher risk of signifi cant cognitive decline 
and dementia. 

 In the  Systolic Hypertension in the Elderly Program (SHEP)   trial (1985–1990), 
the original fi ndings did not show any antihypertensive benefi t on cognitive func-
tion. The original study compared the incidence of cognitive decline between par-
ticipants receiving low-dose diuretic and/or β (beta) blocker and those who received 
a placebo. Di Bari et al. [ 90 ] reexamined the fi ndings after considering the rates of 
differential dropout in the groups. In the original SHEP trial, 4736 participants with 
isolated systolic hypertension were randomized to active treatment or placebo and 
followed over 5 years. All participants were administered the short-Comprehensive 
Assessment and Referral Evaluation and a dementia score was determined based on 
performance on the cognitive component score and on subjects’ reported basic 
activities of daily living. When the authors examined the dropout rates, they deter-
mined that individuals with a high number of nonfatal cardiovascular events were 
more likely to dropout.    The authors concluded that only the healthiest subjects in 
both groups returned for follow-up cognitive assessment, which may have attenu-
ated the recognition of a benefi t of antihypertensives on cognition.  

       Meta-Analytic Studies 

 In recent years, a number of investigators have explored relationships between 
hypertension and cognition using meta-analytic techniques. Birns and colleagues 
[ 91 ] pooled clinical trial data to form a sample of 19,501 subjects. They found that 
modest reductions in blood pressure were associated with improved MMSE scores, 
as well as improvements on some measures of memory. However, McGuinness 
et al [ 92 ], in a Cochran review using a similar but not identical data set, found no 
relationship between lowered blood pressure and either dementia incidence or cog-
nitive decline. Together, these studies highlight both the tenuous relationship 
between lowered blood pressure and cognitive function within the confi nes of clini-
cal trials (e.g., relatively brief study period), and the impact of study selection crite-
ria on meta-analytic outcomes. 

 Two other recent meta-analyses examined relationships between antihyperten-
sive medication use, cognitive decline, and dementia. Chang-Quan et al. [ 93 ] calcu-
lated pooled relative risk using fi xed- and random-effects models with data from 14 
longitudinal studies. Pooled study subjects totaled 32,528 who used antihyperten-
sive medication and 36,905 who did not use antihypertensive medication. They 
found a lower incidence of vascular dementia and all-cause dementia in patients 
who used antihypertensive medication, but no differences between the two groups 
in the incidence of Alzheimer’s disease or in cognitive decline. Marpillat et al [ 94 ] 
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examined the effect of antihypertensive classes on cognitive decline and dementia 
incidence. They found that antihypertensive use, regardless of class, showed benefi t 
in overall cognitive function, as well as in the specifi c cognitive areas of attention, 
memory, visuospatial skills, and executive functions. Moreover, using network 
meta-analytic techniques, they showed that angiotensin II receptor blockers (ARBs) 
showed larger overall cognitive  effects   than β-blockers, diuretics, and angiotensin- 
converting enzyme inhibitors.   

    Summary 

 The  relationships   between cerebral small vessel disease, hypertension, and cogni-
tive functioning is complex. Evidence to date suggests that WMH on MRI are not 
“benign” insignifi cant incidental fi ndings. Just as they serve as markers for cerebro-
vascular disease and increased risk for stroke, the cumulative impact of WMH and 
poorly controlled hypertension raise the risk for cognitive deterioration, dementia, 
and mood and behavior disturbance due to frontal-subcortical disconnection. It is 
less clear, however, what later-life treatment can be used to preserve cognitive func-
tioning or to prevent cognitive decline or behavioral change. Additional well-
designed clinical trials of blood pressure lowering in those at risk of cognitive 
decline or dementia are needed to guide clinicians in the treatment of these patients.     
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    Chapter 17   
 Cerebral Microbleeds, Small-Vessel Disease 
of the Brain, Hypertension, and Cognition                     

     Anand     Viswanathan      ,     Hugues     Chabriat     , and     Steven     M.     Greenberg    

       Cerebral microbleeds (CMB) have been  increasingly   recognized on neuroimaging 
since the widespread application of magnetic resonance imaging (MRI) techniques 
tailored to detect foci of magnetic susceptibility. CMB are most often clinically 
asymptomatic and are a result of rupture of small blood vessels in basal ganglia or 
subcortical white matter [ 1 – 4 ]. 

 CMB were fi rst described after the clinical use of gradient-echo (GRE) or T2*-
weighted MRI [ 1 ,  5 ,  6 ]. GRE MRI is a technique highly sensitive in the detection of 
old and recent cerebral hemorrhage [ 1 ,  6 ]. The reduction of the signal  on   GRE 
sequences is caused by hemosiderin, a blood breakdown product which causes mag-
netic susceptibility-induced dephasing leading to T2* signal loss. CMB appear 
larger on GRE sequences as compared to the actual tissue lesions because of the 
so-called  blooming effect  of the MR signal at the border of these lesions [ 7 ,  8 ]. GRE 
MRI can detect millimeter-sized paramagnetic blood products (including hemosid-
erin) in brain parenchyma [ 9 ]. As hemosiderin remains in macrophages for many 
years after hemorrhage [ 10 ,  11 ], GRE sequences allow for reliable assessment of an 
individual’s hemorrhagic burden over time. Furthermore, more recent technical 
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advances  in   MRI software and hardware have yielded signifi cant improvements in 
sensitivity, which has led to increased detection of CMB in different populations 
[ 12 – 15 ]. Novel techniques such as susceptibility-weighted imaging (SWI) have 
considerably increased CMB detection rates [ 13 ]. 

 CMB are defi ned as small rounded foci which appear hypointense and distinct 
from vascular fl ow voids, leptomeningeal hemosiderosis, or nonhemorrhagic sub-
cortical mineralization [ 1 ,  16 ] (Fig.  17.1 ). Choice of precise size parameters does 
not appear to have a major effect on CMB detection [ 2 ].

   Radiopathologic studies have demonstrated that these areas of GRE hypointen-
sity correlate well with brain parenchymal areas of  hemosiderin-laden macrophages   
[ 1 ,  8 ,  17 ]. These pathologic data suggests that CMB result from specifi c underlying 
small-vessel pathologies such as hypertensive vasculopathy [ 18 ],    cerebral amyloid 
angiopathy (CAA) [ 19 – 21 ], or cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL) [ 22 – 25 ]. Their presence and 
number may also refl ect the severity of these small-vessel pathologies and thus 
predict clinical outcome (including risk of dementia and cognitive decline) in these 
diseases. 

 In this chapter, we discuss the pathophysiology, prevalence, and risk factors for 
CMB in different populations. We also discuss the potential clinical implications 
of CMB in relation to cognition and disability in individuals harboring these 
lesions. 

  Fig. 17.1    Examples of CMB in different populations.    Gradient-echo MRI sequences ( a ) in a 
patient with long-standing history of hypertension with deep intracerebral hemorrhage ( large 
arrowhead ). This patient also has CMB in contralateral deep structures including the thalamus 
( arrows ). ( b ) In a patient with CADASIL. Multiple CMB are seen in the thalamus, a common 
location for CMB in CADASIL ( c ) In a patient with probable CAA demonstrating a parietal 
lobar intracerebral hemorrhage ( large arrowhead ) and numerous CMB in the frontal lobe 
( arrows )       
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    Cerebral Microbleeds in Specifi c Cerebral Small-Vessel 
Diseases 

    Cerebral Microbleeds  in   Hypertension-Related Vasculopathy 
and  Cerebrovascular Disease   

 Evidence suggests  that   cerebral  microbleeds   are common in patients with 
hypertension- related cerebral vasculopathy, although few studies have restricted 
analyses exclusively to this group [ 26 ,  27 ]. Copenhaver et al. evaluated microbleeds 
in black patients with ICH (a high proportion having hypertension). Compared to 
white subjects, black subjects had greater number of microbleeds in multiple terri-
tories and 93 % had hypertension compared to 62 % of white subjects [ 26 ]. More 
recently, Zhang et al., examined the association between kidney function biomark-
ers and CMB in patients with hypertension. They found that several biomarkers of 
kidney function including serum cystatin C were associated with the presence of 
CMB in hypertensive patients. 

 Elevated blood pressure is common in patients with cerebrovascular disease and 
incidence of stroke rises with increasing blood pressure levels [ 28 ,  29 ]. The reported 
prevalence of CMB in these stroke populations or patients undergoing MRI is 
highly variable (range 18–68 %) [ 30 – 36 ]. This is likely due to limitations surround-
ing many of these studies, including nonselective clinical criteria, inclusion of mul-
tiple stroke subtypes, and variable size-based defi nition of microbleeds. 

 Chronic blood pressure elevation may increase an individual’s risk for CMB. In 
order to investigate this, Lee et al. evaluated the relationship between CMB and 
cardiac damage induced by chronic hypertension. Left ventricular hypertrophy was 
evaluated in 102 consecutive survivors of acute stroke (72 with ischemic stroke, 
30 with ICH) [ 36 ]. Left ventricular mass index was measured by transthoracic echo-
cardiography. CMB were detected in 64 % of patients. In multivariable analysis, 
history of previous stroke and the number of CMB were associated with left ven-
tricular hypertrophy, suggesting that poorly controlled blood pressure may increase 
the number of CMB. 

 CMB have been well described in patients with ICH [ 6 ,  10 ,  16 ,  17 ,  37 ,  38 ]. 
The presence of CMB has been shown to be nearly tenfold more common in this 
population than in healthy elderly [ 37 ]. Several studies examining patients present-
ing with primary ICH (deep and lobar) have reported prevalence of CMB to range 
between 54 and 70 % with the majority of subjects having multiple CMB [ 37 ,  39 ]. 
Individuals with CMB were more likely to be hypertensive, have a previous history 
of stroke, have more lacunar  infarcts      and more extensive white matter lesions. Roob 
et al. found there to be a correlation between cerebral microbleed distribution and 
the location of primary ICH. Individuals with deep ICH tended to have CMB in the 
basal ganglia and thalamus as compared to individuals with lobar ICH.  
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    Cerebral Microbleeds in  CAA   

 CMB have been extensively studied  in   CAA [ 2 ,  10 ,  14 ,  16 ,  40 ], the disease which 
accounts for the majority of primary lobar ICH in the elderly [ 41 ]. The Boston cri-
teria are a set of validated criteria and have been established to identify those lobar 
ICHs caused by CAA [ 41 ].  The   presence of multiple, strictly lobar hemorrhages 
(including microbleeds) detected by gradient-echo MRI sequences has been shown 
to be highly specifi c for severe CAA in elderly patients with no other defi nite cause 
of ICH (termed  probable  CAA-related ICH) [ 41 ]. These criteria have been com-
pared against the established gold-standard of CAA, examination of histologic 
specimens from autopsy, hematoma evacuation, or cortical biopsy [ 41 ]. Thirty-nine 
primary lobar ICH patients aged ≥55 years with available pathologic tissue were 
diagnosed on clinical and radiologic grounds with possible or probable 
CAA. Thirteen patients were diagnosed with probable CAA, and all demonstrated 
pathological evidence of CAA in cerebral blood vessels. Eleven of these patients 
underwent GRE imaging, and 73 % showed evidence of multiple hemorrhagic 
lesions, including microbleeds. Sixteen of 26 patients (63 %) with the diagnosis of 
possible CAA (single lobar macro- or microhemorrhage)    demonstrated pathologic 
evidence of CAA. These criteria have been recently shown to have high specifi city 
and high positive predictive value for CAA even for patients harboring multiple 
lobar microbleeds without ICH [ 42 ]. Interestingly, in patients with probable or pos-
sible CAA there was no association between number of microbleeds and age, sex, 
APOE genotype or other vascular risk factors including hypertension, coronary 
artery disease, diabetes, or previous stroke [ 16 ]. 

 The  distribution   of microbleeds in CAA shows a posterior cortical predominance 
[ 43 ] as has been reported previously in lobar macrohemorrhages [ 44 ,  45 ]. In 59 
patients with probable CAA,  microbleeds   occurred more frequently in the temporal 
and occipital lobes when taking into account the relative size of each lobe [ 43 ]. The 
lesions also tended to cluster in the same lobe in subjects with multiple lesions.    The 
distribution of new microhemorrhages at follow-up correlated with the distribution of 
baseline microbleeds [ 43 ]. Finally, in those patients who experience recurrent lobar 
ICH, the location of the hematoma is positively associated with the distribution of 
baseline microbleeds [ 16 ]. This is supported by pathologic data which show that CAA 
pathology favors the posterior cortical regions, particularly the occipital lobe [ 46 ,  47 ].  

       Cerebral Microbleeds in  CADASIL   

 In patients with CADASIL, the reported frequency of microbleeds has ranged from 
25 to 69 % with one large prospective cohort study fi nding that CMB occur in approx-
imately 35 % of patients with the disease [ 22 – 25 ]. The main clinical manifestations of 
CADASIL include attacks of migraine with aura, mood disturbances, recurrent isch-
emic strokes, and progressive cognitive decline [ 48 ]. In various studies, CMB were 

A. Viswanathan et al.



305

most commonly found in the thalamus, subcortical white matter, basal ganglia, and 
brain stem [ 22 – 24 ]. There is minimal overlap between regions of CMB and regions of 
lacunar infarction or prominent WMH in CADASIL [ 22 ,  23 ]. 

 Dichgans et al. performed a pathological examination of CMB in CADASIL. The 
investigators examined seven autopsy cases of CADASIL and found evidence of 
hemosiderin-laden macrophages in six out of seven cases [ 23 ]. In all cases, macro-
phages were found in the vicinity of 100–300 μ diameter blood vessels with charac-
teristic degenerative changes of CADASIL. There was no evidence of amyloid 
deposition or vascular malformations, supporting the involvement of CADASIL- 
related ultrastructural modifi cations of the vessel walls in these lesions. 

 An ongoing two-center prospective cohort study has investigated risk factors for 
CMB, and the impact of CMB on clinical outcome in CADASIL [ 22 ]. The study 
showed that CMB are independently associated with blood pressure levels and 
HbA1c. The number of CMB was also associated with lacunar infarct volume, and 
extent of WMH. CMB were found to be an independent predictor of neurologic 
disability. 

 Until recently,    blood pressure had not been thought to play a signifi cant role in the 
pathophysiology of genetic small-vessel diseases [ 23 ,  24 ,  49 ]. In the above- described 
CADASIL study,    CMB were independently associated with blood pressure levels. 
However, the average blood pressure values in subjects with CMB and in those with-
out were found to be in the normal range (<140/90). When hypertensive patients 
(those individuals with blood pressure >140/90) were removed from the analysis, the 
association between CMB and blood pressure remained highly signifi cant [ 22 ]. This 
suggests that small increases in blood pressure may contribute to CMB in CADASIL 
through an additive effect on the ultrastructural vessel wall modifi cations caused by 
Notch3 mutations [ 23 ,  50 ]. In support of this possibility, a recent small study in 
patients with the NOTCH3 R544C mutation showed that CMB occurred more fre-
quently in deep brain regions (e.g., basal ganglia, thalamus, brain stem) in presence of 
hypertension. Furthermore in this study, CADASIL patients with CMB were more 
likely to have symptomatic stroke [ 51 ]. Further studies are needed to determine which 
factors (pulsatility, cerebrovascular resistance, or vessel wall stiffness) most strongly 
infl uence the rupture of the cerebral microvessel wall in the setting of CADASIL and 
moderate elevations of blood pressure. Acceptable blood pressure values in the setting 
of an existent cerebral microangiopathy may well differ from established normal 
ranges recommended for the general population.   

    Specialized Methods for Improved Detection of Cerebral 
Microbleeds 

 A variety of  MRI factors   (including sequence parameters, spatial resolution, mag-
netic fi eld strength, and post-processing techniques) can lead to improved CMB 
detection [ 2 ]. For example, application of 3D T2*-weighted MRI at submillimeter 
spatial resolution has recently been shown to detect more CMB when compared to 
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conventional 2D GRE at lower resolution [ 52 ]. Another study found that individual 
CMB identifi ed  in   CAA subjects had approximately double the contrast index (a 
measure of conspicuity) when imaged with 1.5 mm slices compared to 5 mm slices 
[ 14 ]. Susceptibility-weighted imaging (SWI), which is becoming more widespread 
in clinical practice and research, has been shown to have greater sensitivity and 
increased reliability for CMB compared to conventional GRE imaging [ 53 ,  54 ]. 

    Microbleeds in Population-Based Studies: The Role of Location 

 CMB have been noted  in   numerous healthy populations [ 15 ,  55 – 60 ]. Most [ 15 , 
 55 – 58 ,  60 ], but not all [ 59 ,  61 ], of these studies showed hypertension to be a risk 
factor for CMB. Results from a pooled analysis of many of these studies demon-
strated an increased risk of CMB in subjects with hypertension (OR 3.9 95 % CI 
2.4–6.4) [ 4 ]. Overall, these investigators also found an increased risk of CMB with 
diabetes in these populations (OR 2.2, 95 % CI 1.2–4.2) [ 4 ]. The earlier studies were 
not able to distinguish the risk associated with specifi c location of CMB (lobar ver-
sus deep CMB). 

 However, more recent population-based data from the Rotterdam Scan study 
[ 15 ], the AGES-Reykjavik study [ 61 ], and the Framingham study [ 60 ] provide fur-
ther evidence to support a potential etiologic distinction between lobar and deep 
CMB. In the Rotterdam study, Vernooij et al. demonstrated that APOE ε4 carriers 
more often had strictly lobar CMB than noncarriers. In contrast, cardiovascular risk 
factors (including elevated systolic blood pressure) and presence of lacunes and 
white matter lesions were associated with CMB in deep, but not lobar, locations The 
study included 1062 subjects with a mean age of 69.6 years. In this study, rates of 
CMB were increased compared to prior studies (ranging from 17.8 to 38.3 %). The 
higher prevalence of CMB compared to previous studies is likely due to both the 
higher mean age of the cohort (69.6 years) and the study’s use of specialized high- 
resolution GRE sequences. In the AGES-Reykjavik study (1962 subjects with a 
mean age of 76 years), 61 % had CMB located in the cerebral lobes and greater than 
a third were located in posterior regions (parietal or occipital lobes), a pattern sug-
gestive  of   CAA [ 43 ]. Furthermore, APOE ε4ε4 genotype was associated with 
increased likelihood of having a cerebral microbleed. These fi ndings are supported 
by more recent work from the Framingham study (1965 subjects with a mean age of 
67 years).    CMB occurred in 8.8 % of subjects and were located in lobar regions in 
63 % [ 60 ]. The investigators found that hypertension increased the risk of CMB in 
any location while low total cholesterol and  APOE  ε4 increased the risk of lobar 
CMB. Interestingly, after adjusting for cholesterol levels or concomitant medica-
tion use, statin use increased the risk of CMB in lobar and mixed locations (CMB in 
lobar plus deep areas), but not in exclusively deep locations. While these data are 
provocative, further studies are needed to more defi nitively address whether statins 
should be avoided in patients with lobar CMB. 
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 Recent work from the Rotterdam study suggests that the incidence of new CMB 
in the general population is considerable (10.2 %). In this study, microbleeds at 
baseline predicted development of new microbleeds (OR, 5.38; 95 % CI, 3.34–
8.67). Incident deep microbleeds were associated with cardiovascular risk factors, 
lacunar infarcts, and larger white matter lesion load at baseline, and incident micro-
bleeds in strictly lobar areas were associated with the apolipoprotein E ε4/ε4 geno-
type or larger white matter lesion volume [ 62 ]. 

 To summarize, there are several lines of evidence supporting the hypothesis that 
CMB in strictly lobar locations are due primarily  to   CAA and those involving deep 
hemispheric or brain stem structures are due primarily to hypertension-related vas-
culopathy. Therefore, CMB in strictly lobar locations may be a result of underlying 
subclinical CAA pathology and not related to traditional cardiovascular risk factors 
such as hypertension. These fi ndings are consistent with previous studies in CAA 
which demonstrate that hypertension and other vascular risk factors are not associ-
ated with the number of CMB. In addition, vascular risk factors do not seem to 
independently infl uence outcome [ 16 ]. Finally, the association between strictly 
lobar CMB and the APOE ε4 allele in the above population-based studies is consis-
tent with previous studies which demonstrate this association in subjects with prob-
able or possible CAA [ 63 ]. By contrast, CMB located in deep regions (such as the 
basal ganglia or thalamus) are associated with high systolic blood pressure and 
wider pulse pressures. CMB in deep locations were not associated with APOE gen-
otype [ 15 ,  60 ]. 

 This hypothesis is further supported  by   histopathologic studies which examine 
CMB and associated vascular pathologies [ 1 ,  17 ,  41 ]. In these studies, CMB associ-
ated with hypertensive vasculopathy more commonly occurred in basal ganglia, 
thalamus, brain stem, and cerebellum [ 1 ], whereas CAA-associated CMB had a 
lobar (or less commonly, cerebellar) distribution [ 41 ].   

    Cerebral Microbleeds  and   Clinical Impairment 

 In addition to the potential role of CMB as markers of specifi c small-vessel disease, 
they also may have direct effects on cognition and disability. Neuropathological 
studies demonstrate tissue damage associated with CMB [ 17 ,  41 ,  64 ], thus provid-
ing a potential mechanism for clinical impairment. 

 Microbleeds in  CAA   have been shown to be related to disease progression, 
recurrent ICH, and CAA-related clinical impairment [ 16 ,  65 ]. Microbleeds are 
more common than macrohemorrhages and tend to accumulate over time. Greenberg 
and colleagues evaluated 94 elderly patients (≥55 years) presenting with lobar ICH 
for number of baseline hemorrhages [ 16 ]. Among those patients who underwent 
MRI 16-months later, 50 % experienced new, frequently multiple microbleeds. 
Predictors of new microbleeds included larger number of hemorrhages at baseline 
and the presence of the APOE ε2 or ε4 allele. Both the number of hemorrhages at 
baseline and the number of new microbleeds at follow-up were associated with 
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increased risk of recurrent hemorrhage (3-year cumulative risk 14 %, 17 %, 38 %, 
and 51 % in subjects with 1, 2, 3–5, or ≥6 baseline hemorrhages, respectively). In 
individuals with cognitive impairment, there was a trend toward increased number 
of baseline hemorrhages. Finally, the incidence of cognitive impairment, functional 
dependence, or death at follow-up was increased by the number of hemorrhages at 
baseline (mean 27.9 months, HR 1.9 95 % CI 1.2–2.8 for each increase in category 
of baseline hemorrhages). 

 CMB have also been associated with clinical disability  in   CADASIL [ 22 ,  66 ]. In 
a two-center cohort study of 147 patients with CADASIL, the number of CMB was 
independently associated with functional dependence (defi ned as modifi ed Rankin 
score ≥3) with an odds ratio per additional microbleed of 1.16 (95 % confi dence 
interval 1.01–1.34,  p ,  p  = 0.034) after adjustment for other confounding variables 
[ 22 ]. However, multivariable analysis did not demonstrate that the overall burden of 
CMB was associated with cognitive function. 

 For patients with cerebrovascular disease,    a small case–control study of patients 
with ischemic stroke or TIA found that individuals with CMB performed signifi -
cantly worse than those without them on standard tests of executive function [ 67 ]. 

 Finally, CMB may have an impact on mortality in patients with cognitive impair-
ment or dementia. A large longitudinal study has recently demonstrated that CMB 
were the strongest predictor of mortality in a memory clinic population (HR = 1.5; 
95 % CI, 1.1–2.0) [ 68 ]. This may suggest that CMB vascular pathology acts in syn-
ergy with neurodegenerative mechanisms associated with Alzheimer’s disease to 
increase mortality in these patients. 

 If CMB have direct effects on brain function rather than simply marking the pres-
ence of other cerebrovascular pathologies, one would expect the specifi c location of 
CMB to play a role. In analyses of the two-center  CADASIL   cohort, CMB in the 
caudate were independently associated with lower global cognitive scores (based on 
the Mattis dementia rating scale;  p  = 0.027), and CMB in the frontal lobes showed a 
trend toward lower global cognitive scores ( p  = 0.056) [ 66 ]. Similarly, a small study of 
stroke or TIA patients suggested CMB in the frontal lobes and basal ganglia were 
associated with executive dysfunction [ 67 ]. Finally, a recent population- based study 
has suggested that CMB in deep regions (basal ganglia, thalamus, and infratentorial 
areas)    were associated with impaired cognitive function as measured by mini-mental 
status examination (MMSE). The investigators found that individuals with deep CMB 
were more likely to have an MMSE score more than 1.5 standard deviations below the 
age and education-related mean (OR, 3.34; 95 % CI, 1.24–8.99) [ 69 ]. These fi ndings 
need further confi rmation in large  well- controlled studies of different populations 
including in individuals without prior stroke.  

    Microbleeds, Hypertension, and Cognition 

       Hypertension has been established as a risk factor for cognitive impairment and 
dementia in numerous studies. An association between high blood pressure and the 
risk of Alzheimer’s disease was also reported in cohort studies with a 15- to 21-year 
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long follow-up [ 70 ,  71 ]. Furthermore, the presence of hypertension has been shown 
to be associated with a greater rate of cognitive decline in patients with Alzheimer’s 
disease [ 72 ]. Finally, higher blood pressures have been associated with greater cog-
nitive decline in patients after stroke in the PROGRESS trial [ 73 ]. There is some 
suggestion that the blood pressure effect may be related to attenuation of progres-
sion of white matter hyperintensities or brain atrophy [ 74 – 76 ]. Recent evidence 
suggests that CMB may be associated with subjective cognitive complaints in 
patients with hypertension [ 77 ] or in patients with cerebral small-vessel disease 
[ 78 ]. Whether the infl uence of hypertension on cognition is mediated, at least in 
part, through CMB requires further study (Fig.  17.2 ).

   Future therapeutic trials should examine the specifi c effects of blood pressure 
reduction on cerebral microbleed burden to more precisely defi ne the relationship 
between hypertension, CMB, and cognition. Studies such as these should help 
defi ne the clinical impact of CMB and consequently infl uence future treatment deci-
sions in individuals harboring these lesions.     
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    Chapter 18   
 Neuroimaging of Hypertension and Related 
Cerebral Pathology                     

     Alejandro     Magadán     

       Continued refi nement and improvement in neuroimaging allows for better evalua-
tion of the effects of HTN on the brain.    Nuclear magnetic resonance has seen (MRI) 
the most advancement and remains the gold standard for evaluating anatomy and 
pathology of the brain. MRI has become more widely available and new protocols 
allow for faster image acquisition times, which allow for the assessment of acute 
pathologies like stroke or intracranial hemorrhage (ICH). CT is widely available 
and has rapid acquisition times and is the most common imaging modalities used. 
Two other imaging modalities useful in the evaluation of HTN include 2-[ 18 F] 
fl uoro- 2-deoxy- D -glucose (FDG) PET (FDG-PET) and single photon emission 
computerized tomography (SPECT). 

    Effects of Hypertension 

    Effects of Hypertension on the  Brain   

 The effects of hypertension on the brain affect the (1) cerebral vasculature, (2) cere-
bral parenchyma, and (3) brain metabolism and function either as a primary process 
or as result of a secondary effect. Cerebral hypertension pathology in a clinical set-
ting can also be categorized as emergent in the case of ischemic stroke and intracra-
nial hemorrhage or chronic as in the case of progression of white matter changes 
and cerebral atrophy.  
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    Effects of Hypertension on  Cerebral Vasculature   

 There are acute and chronic effects of HTN on cerebral vasculature. Acute effects 
include vessel rupture, often in the territory of the penetrating lenticular striate 
arteries (putamen, thalamus, pons, cerebellum, and lobar white matter) presenting 
with concurrent high blood pressure. The effects of long-standing hypertension 
include the development of atherosclerotic plaque in larger arteries and hyalinoscle-
rosis and lipohyalinosis weakening the small penetrating arterial walls and leading 
to the formation of microaneurysms, or the Charcot and Bouchard aneurysms, in 
small penetrating arteries [ 1 – 8 ]. Additionally, there is the development of centrally 
located cerebral microbleeds with long-standing uncontrolled blood pressure [ 9 , 
 10 ]. Cerebral blood fl ow remains constant except with a shift in the curve to higher 
blood pressure with long-standing hypertension [ 11 ]. Regional blood hypoperfu-
sion has been noted in the frontal, temporal, subcortical, and limbic regions in asso-
ciated persons with hypertension [ 12 ,  13 ].  

    Effects of Hypertension on  Cerebral Tissue   

 Ischemic stroke is an emergent secondary effect of hypertension on cerebral tissue 
and an important clinical and research target. Imaging remains key in the evaluation 
and treatment of stroke in the acute process for treatment candidacy and also further 
evaluation in order to discover a potential etiology for stroke and develop a treat-
ment plan. Intracranial or parenchymal hemorrhage is primarily affected by hyper-
tension with a correlation to malignant hypertension and ICH as well  as   by secondary 
effects through hypertensive arteriopathy of the cerebral vasculature and formation 
of microbleeds [ 9 ,  10 ] and predisposition for hemorrhage [ 14 ]. Over time, long- 
standing hypertension leads to the formation of white matter changes (leukoariosis), 
and both general and regional brain atrophy [ 15 – 23 ].  

    Effects of Hypertension on Cerebral Function and Metabolism 

 Long-standing hypertension at varying stages in life has led to increased incidence 
of cognitive impairment and spatial memory dysfunction [ 24 – 27 ],    dementia of both 
Alzheimer’s type, and vascular dementia [ 24 ,  28 ,  29 ] and has been associated with 
increased incidence of traditionally Alzheimer’s dementia related pathology such as 
neurofi brillary tangles, neuritic plaques, and B Amyloid deposition [ 30 – 32 ]. 
Hypertension seems to accelerate cognitive impairment in genetically susceptible 
individuals with the APOE4 gene [ 33 ]. Blood pressure management of midlife sys-
tolic hypertension seemed to prevent late-life dementia [ 34 ] and non-pharmacologic 
preventive management of cerebrovascular risk factors and hypertension such as 
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moderate exercise and Mediterranean diet also was associated with a decreased 
incidence of dementia and cognitive impairment [ 35 – 39 ] and a decrease in AB 
plaque using multimodal neuroimaging including Pittsburgh Compound B [ 40 ].   

    Computed  Tomography   

    General  Principles   

 Computed tomography (CT) images involve the use of X-ray tube housed in a gan-
try which in early CT scans, rotated 360° to capture an X-ray image. More modern 
CT scanners are spiral/helical CT scanners that allow for the gantry to rotate con-
tinuously as a patient moves along a  Z -axis getting spiral/helical image data. The 
gantry is aligned in the  X / Y  axis and the table (patient) is aligned perpendicularly 
along the  Z -axis. The technique relies on X-ray beams passing through tissue at a 
large number of angles. A detector array opposite to the X-ray source then collects 
the transmission projection data, which is then synthesized by a computer into a 
tomographic image. The transmission of the X-rays, or transmission projection 
data, through the body relies on the attenuation of X-rays (reduction in signal inten-
sity) through different tissues,    with bone, calcium and blood attenuating X-ray more 
than air or CSF. The slab of tissue image is divided into small volume elements, 
voxels, which have  x ,  y , and  z  directions and is then converted into the gray scale 
units (Hounsfi eld units) based on the computed attenuation. CT scan continues to 
become faster and has less radiation exposure with increasing detector rows, or 
multi-slice CT scans.  

    Use in the Assessment of the Effects of  Hypertension   

 The most common use of CT in hypertension is a rapid assessment for acute stroke, 
hemorrhage, and severe headaches primarily to determine the presence or absence 
of intracranial hemorrhage. Additional use of contrast allows for the assessment of 
intracranial vasculature, perfusion or potentially the presence of an expanding 
hematoma. The presence of contrast extravasation, “the spot sign,” is associated 
with hematoma expansion [ 41 ]. Without contrast a heterogeneous signal within a 
hematoma may also represent an expanding hematoma [ 42 ]. Location of a hema-
toma elucidates an etiology of hypertension or malignant hypertension as a cause of 
an intracranial hemorrhage. The most common locations include the putamen, thal-
amus, pons, cerebellum, and the lobar white matter. A standardized score 
“ASPECTS” using a non-contrast CT scan has been shown to be able to predict 
outcome in ischemic stroke [ 43 ,  44 ]. Early ischemic signs, such as hyper-dense 
MCA sign, or attenuation of the basal ganglia insular cortex or cortical ribbon also 
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appear on a non-contrast CT head [ 45 ,  46 ]. While ASPECTS score has show ben-
efi t, inter-rater agreement and detection of early signs of ischemic stroke on non- 
contrast CT remain poor [ 47 ,  48 ] and were often missed during rapid assessment for 
tPA administration [ 49 ].  

       CT  Angiography   

 CT angiography (CTA) is useful for a minimally invasive  and   rapid assessment of 
extracranial carotid disease with a good degree of agreement compared to the “gold 
standard” digital subtraction angiography [ 50 – 52 ]. CTA also is used to evaluate 
plaque morphology such as degree of arterial stenosis, carotid wall thickness, and 
surface morphology [ 52 ]. CT angiogram is a fast method and has been used in the 
management of acute stroke and intracranial hemorrhage. In the rapid triage of 
acute stroke, CTA is able to evaluate vessel status and identify a cutoff or vessel 
occlusion. Recently, using novel stent-retriever devices in large anterior circulation 
strokes (distal carotid artery or proximal middle cerebral artery), the benefi t of 
mechanical thrombectomy in addition to standard thrombolysis with tPA over 
IV-tPA alone has been shown [ 53 ] with a more robust improved clinical outcome 
combining CTA with a more methodical CT evaluation, the ASPECTS score [ 54 ]. 
CTA allows for the visualization of leptomeningeal collateral fl ow with better col-
lateralization being associated with a better prognosis and absence of collateral ves-
sels being associated with poor prognosis despite recanalization [ 55 ]. CTA use in 
intracranial hemorrhage allows for the detection of vascular malformations or aneu-
rysms as potential etiology of the hemorrhage and contrast extravasation into the 
hematoma or “spot sign” predicts hematoma enlargement [ 41 ].  

    CT  Perfusion   

 CT  perfusion   continued to improve with multi-detector technology allowing for 
faster scans and improving limited brain coverage. CTP tracks the “wash in” and 
“wash out” of iodinated contrast through a tissue capillary network. The main three 
parametric maps are cerebral blood volume (CBV), cerebral blood fl ow (CBF), and 
mean transit time (MTT). The MTT is the average time required by contrast (red 
blood cells) to cross the capillary network, cerebral blood volume is the volume of 
blood in milliliters per 100 g of brain tissue, and cerebral blood fl ow is the amount 
of blood fl owing through each pixel in 1 min, measured as ml per 100 g brain tissue 
per minute. Tmax and time to peak (TTP) are two more parametric maps used to 
evaluate cerebral perfusion and are further described in the MR perfusion section. 
Quantitative measures of CBF, CBV, and MTT are generally more easily achieved 
with CT perfusion due the linear relationship between attenuation and iodinated 
contrast measured by Hounsfi eld units.    Diffusion weighted imagining remains the 
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most sensitive modality for determining infarct core in the acute phase in ischemic 
stroke, but a decrease in cerebral blood  volume   can be used with good correlation 
to fi nal infarct volume [ 56 – 59 ]. CT perfusion has had little utility in the investiga-
tion of HTN in the absence of stroke but will likely mimic fi ndings found with MR 
perfusion and arterial spin labeling.  

    General  Advantages   

 The major advantages of CT over MRI are the more widespread availability, scan 
time speed, and lower cost. Major medical centers and most hospitals with an 
emergency department have a CT scanner. CT, CT angiogram, and CT perfusion 
can be completed within a few minutes. CT angiogram and CT perfusion studies 
are minimally invasive, requiring a venocatheter placement, usually in a large ante 
cubital vein, which will need to be of a suffi cient bore width to accommodate the 
pressure and contrast injection. Newer multiphase CT angiography promises to 
reduce both scan time and iodinated contrast amount with improved vessel 
enhancement [ 60 ].  

    General  Disadvantages   

 Overall, MRI is superior to CT for delineation of anatomy, lesions, and sensitivity 
in distinguishing hypertensive related pathologies. CT uses iodinated contrast with 
a signifi cant risk for contrast-induced nephropathy, which carries a signifi cant long- 
standing morbidity [ 61 ,  62 ]. CT perfusion provides only limited coverage of brain 
tissue around the circle of Willis versus whole brain coverage of MRI. Better multi- 
detector (multi-slice) CT can obtain more brain tissue coverage. CT perfusion val-
ues have signifi cant variability over time, which is in part dependent upon the size 
as well as tissue heterogeneity of the imaged vascular territory [ 63 ]. MRI is the most 
sensitive and specifi c modality to image an acute ischemic stroke, though CBV may 
approximate the ischemic core, it requires additional contrast administration [ 64 ]. 
As such, the change in tissue perfusion must be greater than the observed variability 
in CTP sensitivity. This latter concern limits the usefulness of CTP in the assess-
ment of HTN without signifi cant TIA or stroke. Also, a signifi cant issue in the 
quantifi cation of this method is the lack of  normative   volume data for CTP at pres-
ent [ 65 ]. CT also has a signifi cant radiation exposure, with newer multiphase CT 
angiography having 5.73 mSv (millisieverts) of radiation [ 60 ]. A non-contrast CT 
of the head has an average dose of 2 mSv [ 66 ]. This has been associated with a vary-
ing degree of an increased incidence of cancer depending on the type of CT scans 
preformed [ 67 ].   
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    Nuclear Magnetic Resonance Imaging 

 MR Imaging involves  the   interaction between a very powerful static magnetic fi eld 
and the nuclear magnetic resonance properties of the proton (hydrogen nuclei), 
which are abundant within biological tissues. MRI is the most sensitive modality to 
image the effects of HTN on the brain. Due to the amount of hydrogen (in water) in 
tissue and blood, hydrogen is the most common  atom   used, but it can be used to 
measure any atom which has an odd number of protons and is abundant in the 
human body. Such atoms include carbon-13, sodium, fl uorine, and phosphorus. 
Hydrogen is the most abundant atom in the body and most used in medical imaging, 
and sodium imaging has tremendous potential for evaluation of the effects of HTN 
on brain structure. 

    General Principles 

 Generally, six main  factors   contribute to MRI. These include the properties of 
nuclear spin, the properties of the radio frequency (RF) excitation, the properties 
of tissue relaxation, the strength of the static magnet fi eld, the timing of RF pulses, 
and the sensitivity of signal detection. When placed into a magnetic fi eld, the 
proton aligns parallel to the magnetic fi eld (B0) generated by the MRI scanner and 
precess (wobbles) about an axis. As protons precess about an axis they are able to 
absorb radio frequency pulses causing an excited state leading to the protons leav-
ing alignment along the magnetic fi eld (B0) and spining at a different angle (spin 
angle). Typically, 90- and 180-degree radio frequency pulses are used, but any 
angle can be achieved. As the protons precess together at the same frequency, they 
realign to B0 (free induction decay) and will emit electromagnetic energy, which 
is the NMR signal. The total NMR signal is a combination of the sums of proton 
density reduced by T1, T2, and T2* relaxation. Relaxation occurs as longitudinal 
relaxation or longitudinal magnetization recovery, getting back into alignment 
with B0 and transverse relaxation or transverse magnetization decay, leaving the 
fl ip angle generated by the RF pulse. As such, each relaxation component offers 
distinct information about tissue character. T1 relaxation  is   characterized by a tis-
sue specifi c time constant (Table  18.1 ). T1-weighted images are generally more 
spatially sensitive, making them useful in assessments of structure and volume. 
Long T1, such as a liquid (CSF) and a solid (hair), has a hypo-intense signal with 
short T1, such as viscous material (fat), has a hyperintense signal. Gadolinium 
causes T1 to shorten and appear hyperintense. T2-weighted images are more sen-
sitive to pathology, especially when that pathology affects local water content, 
which appears as a hyperintense signal. T2 shortening as with gadolinium causes 
a more hypo-intense signal.

A. Magadán



321

       Use in the Effects of Hypertension 

 HTN is associated with not only large- and small-territory infarcts and rarefaction 
of white matter and more severe white matter lesions [ 15 ], but also cerebral tissue 
loss assessed by reduced cerebral volume [ 21 ,  68 ].    White matter hyperintensities 
are best noted on T2/FLAIR MRI imaging and are seen as hypodense lesions on CT 
scan. Age and HTN are directly correlated to the incidence of white matter hyperin-
tensities, which approach nearly 100 % by age 85 and they are commonly observed 
in periventricular locations as well as subcortically [ 19 ,  20 ,  69 – 72 ]. White matter 
lesions are often attributed to “chronic microvascular ischemic changes,” but 
depending on location and morphology, white matter lesions have different patho-
physiology. Many of the small incidental white matter lesions are perivenous 
regions of demyelination [ 71 ,  73 ]. White matter lesions that are larger and more 
confl uent tend to be associated with ischemic changes [ 73 ]. Apart from age, HTN is 
the cerebral vascular risk factor most associated with these more confl uent white 
matter changes and progression of white matter changes [ 15 ,  17 – 19 ]. There is some 
evidence for an increased incidence in women [ 74 ]. A small study demonstrated a 
correlation to a reduced rate of white matter hyperintensity progression with blood 
pressure control [ 16 ] (Fig.  18.1 ).

   A lifetime history of HTN has been associated with generalized and regional 
cerebral volume loss [ 16 ,  21 ,  75 ]. There is a correlation  between   cerebral atrophy 
and in particular, grey matter atrophy and white matter lesion burden [ 20 ,  23 ]. 
Blood pressure control has potential of reducing the risk of brain atrophy [ 16 ]. 

 Cerebral microbleeds ( CMBs)   are small focal hemorrhages that are missed on 
CT scans and have been detected with T2* imaging (GRE or SWI) [ 76 ]. Centrally 
located CMBs are associated with long-standing hypertension and age and coexist 
with other hypertensive vasculopathies (lacunar infarcts and white matter lesions) 
[ 9 ,  10 ]. Detection of CMB is important as location distinguishes pathology with 
more lobar located CMBs being related to cerebral amyloid angiopathy [ 9 ,  77 ] and 

  Table 18.1       T1 and T2 
relaxation times by tissue 
type  

 Tissue  T1 (ms)  T2 (ms) 

 Fat  250  80 
 Liver  500  45 
 Kidney  650  60 
 White 
Matter 

 800  90 

 Grey Matter  900  100 
 CSF  2400  280 
 Water  3000  3000 
  Gadolinium    Reduces T1  Reduces T2 

  Note the longer relaxation times for T1 
weighted images allows for better tissue con-
trast and better anatomic delineation  
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the presence of CMBs is associated with spontaneous intracranial hemorrhage risk 
and is thought to represent a potential risk of hemorrhage on antiplatelet agents or 
anticoagulants [ 78 – 80 ]. Thrombolysis in the presence of CMBs does not correlate 
to hemorrhagic transformation; studies were limited by the majority of the cases 
having less than 5 CMBs [ 81 ] and targeted intra-arterial thrombolysis instead of a 
systemic administration of thrombolysis [ 82 ] (Fig.  18.2 ).

    Ischemic stroke   can be visualized within a matter of minutes on diffusion- 
weighted imaging [ 83 ]. FLAIR may demonstrate a hyperintense vessel sign in asso-
ciation with vessel occlusion with more distal hyperintense vessels potentially 
representing collateral fl ow [ 84 – 86 ]. FLAIR also can be used as a tissue marker to 
time stroke onset with the lack of FLAIR hyperintensity associated with restricted 
diffusion thought to be stroke within 4.5 h time [ 87 ,  88 ]. Susceptibility weighted 
imaging also has a sensitive marker for vessel occlusion with a “blooming” or ves-
sel susceptibility sign [ 89 – 91 ]. Both hyperintense vessels and T2* susceptibility 
signs are more sensitive than hyperdense a vessel sign on CT scan for identifying 
vessel occlusion. MRI has been validated for rapid assessment of stroke and 
 administration of tPA within recommended time frame [ 92 ] and provides a wealth 

  Fig. 18.1    Image A is a FLAIR sequence demonstrating small foci of T2 hyperintensity, consistent 
with non-specifi c white matter changes most likely regions of demyelination in a 59 years-old 
female with no vascular risk factors. Image B is a FLAIR sequence with more confl uent white 
matter hyperintensities, prominent around the ventricles, a bright T2 hyperintensity in the left 
thalamus consistent with a late subacute hemorrhage and a region of encephalomalacia in the left 
frontal lobe that was a previous surgical sight for a ruptured MCA aneurysm in a 54 years-old 
female with long-standing uncontrolled hypertension       
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of  information   about ischemic core, stroke age, and vessel patency, and it is poten-
tially a valuable tool for patient selection into endovascular therapies and selection 
into clinical trials. 

 MRI use for the identifi cation of  vulnerable   plaque morphology and composition 
is an active area of research. Typically, carotid stenosis of 60–70 % with symptoms is 
used as a guide for carotid endarterectomy or carotid stenting. MRI has high accuracy 
in the evaluation of carotid plaque [ 93 ] and MRI plaque morphology has been dem-
onstrated to predict high stroke risk by identifying high risk or vulnerable characteris-
tics such as lipid content, fi brous cap structure, calcium or intraplaque hematoma 
[ 94 – 96 ]. Most of the research has demonstrated feasibility and reproducibility of high 
resolution MRI plaque imaging [ 97 – 99 ]. Interpretation of high resolution MRI in the 
evaluation of carotid plaque has also demonstrated moderate to excellent inter-rater 
agreement in the evaluation of lipid core, intraplaque hemorrhage but only fair agree-
ment for the evaluation of the fi brous cap [ 100 ]. MRI carotid plaque imaging is also 
combined with PET scan to associate increased infl ammation with a lipid rich plaque 
core [ 101 ]. Ultra small super paramagnetic particles of iron (USPIOs) are small 30 μm 
diameter nanoparticles that are readily taken into macrophages that have accumulated 

  Fig. 18.2       Image A is a T2* sequence (GRE) demonstrating small microbleeds centrally in the left 
corona radiate in a 69 years-old male with HTN and other vascular risk factors with a hypertensive 
microbleed pattern. Image B is a T2* weighted sequence (SWI) demonstrating more lobar micro-
bleeds, hypointensity of the sulci (superfi cial siderosis) and an old left frontal hemorrhage in an 81 
years-old female with no vascular risk factors consistent with cerebral amyloid angiopathy and 
related bleeding events       
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in an area of active infl ammation such as a rupture prone plaque causing a focal area 
of decreased signal intensity [ 102 ]. Importantly, MR imaging assessment of carotid 
plaque hemorrhage in asymptomatic carotid stenosis is suggested to be a cost-effec-
tive preventative method for stroke [ 103 ].  

    Magnetic Resonance  Angiography   

 MR angiography is used to evaluate structural abnormalities caused by hyperten-
sion such as atherosclerotic plaques, arterial occlusion, and aneurysms. Both CT 
angiogram and MR angiogram have good inter-rater agreement and no signifi cant 
diagnostic difference when evaluating intracranial aneurysms but are also limited in 
the evaluation of small aneurysms [ 104 ]. 

 Recent advances in MRA technology include improving signal quality and assess-
ment of more peripheral vasculature. Increased magnetic fi eld strength allows for a 
better signal to noise ratio and higher spatiotemporal resolution and studies using 7 T 
MRA have demonstrated excellent proximal vessel architecture and comparative 
brain anatomy and with the addition of contrast, good to excellent visualization of the 
more distal arteries [ 105 ]. The application of phase-contrast techniques (phase-con-
trast MR angiography, 4D-MRA, PCMRA) has transitioned MRA from a purely diag-
nostic tool into a valuable technique for assessment of cerebrovascular anatomy and 
physiology. In addition to structural information, PCMRA allows the characterization 
of velocity of fl ow within any given vessel.    PCA has been utilized as a means of mini-
mally invasive monitoring of cerebral vascular malformations with a quality compa-
rable to the gold standard—digital subtraction catheter angiograms [ 106 ,  107 ] and in 
particular of hypertensive related pathology, cerebral aneurysms [ 108 ]. In addition to 
measures of velocity and diameter, PCA also allows the relatively simple calculation 
of total cerebral blood fl ow (CBF). In MRA, total CBF is usually estimated as the sum 
of total fl ow in the three main arteries. PCA has been shown to demonstrate effects of 
age in the presence of cerebrovascular risk factors on CBF [ 109 ] as well as in patients 
with signifi cant cerebrovascular disease [ 110 ,  111 ]. PCMRA has demonstrated a con-
sistent and predictable difference in middle cerebral arterial mean fl ow velocities 
compared to the current clinical standard, Transcranial Doppler [ 112 ,  113 ], and has 
demonstrated a nonsignifi cant difference compared to carotid duplex with excellent 
inter-rater agreement [ 111 ]. PCMRA is able to combine physiologic and high-resolu-
tion anatomic data in feasible manner but needs further validation.  

    MR Perfusion-Weighted  Imaging   

 MR-based perfusion-weighted imaging (PWI) or Dynamic Susceptibility Contrast 
(DSC) MRI is a semiquantitative measure of brain perfusion or microcirculation in 
the capillary network. Contrast passing through the cerebral vasculature alters the 
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local magnetic fi elds causing a transient drop in signal intensity of the surrounding 
brain tissue due to the contrast agent’s paramagnetic effect on the surrounding tissue. 
The variation is measured over the course of about 1 min. From this data, time- 
concentration curves are obtained by deconvolution of arterial input and calculations 
are made for different perfusion parameters, such as the cerebral blood fl ow (CBF), 
cerebral blood volume (CBV), mean transit time (MTT), time to peak (TTP), and 
Tmax. It is important to note that CBF = CBV/MTT. PWI map specifi cs include CBF 
representing blood supply to the brain and are most directly related to viability of the 
infarcted tissue, CBV correlates well with the fi nal size of the ischemic infarct, MTT 
shows a wide range of perfusion defi cit and will likely overestimate areas at risk 
(includes benign oligemia) and TTP is an indirect measurement of brain perfusion and 
will also overestimate tissue at risk. Tmax is the time it takes for the tissue residue 
function to reach its maximum intensity and is sensitive parameter to refl ect changes 
of brain tissue into an infarction and changes in the perfusion state [ 114 ]. Tmax is the 
most widely accepted parameter to measure penumbra but it has yet to be validated 
with different studies using difference times to best predict fi nal infarct [ 114 ].  MRP   in 
the evaluation of HTN is used most often in the evaluation of acute stroke. The focus 
is on the evaluation of the perfusion-diffusion (PWI-DWI), which theoretically identi-
fi es the penumbra or tissue at risk. Presence of an ischemic penumbra on imaging 
does not affect appropriate use of IV thrombolysis, but in consideration of research 
and mechanical thrombectomy, the absence of a PWI- DWI mismatch predicts poor 
outcome regardless of intervention [ 115 ]. An automated computer map, RAPID, has 
demonstrated potential to identify a PWI-DWI mismatch pattern in patients who 
improved with successful recanalization [ 116 ,  117 ]. A small study demonstrated that 
short-term pharmacologically induced hypertension in a cohort of acute stroke patients 
demonstrated increased cerebral perfusion and was associated with improved NIHSS 
and poststroke cognitive testing [ 118 ]. Hypertensive vasculopathy has been demon-
strated to induce persistent hypoperfusion in an animal model [ 119 ] as well as a strong 
association with leukoariosis and decreased cerebral perfusion of the abnormal white 
matter in human subjects [ 120 ,  121 ] (Fig.  18.3 ).

       General  Advantages   

 In assessing the effects of HTN on brain structure and function, the advantages of 
MRI, especially at high-fi elds, 3 t and above, are numerous. MRI is superior to CT 
in the assessment of brain anatomy, which is always more detailed and clinically 
useful than CT (Table  18.2 ). This applies for volumes of small structures where the 
potential tissue volume loss is small in otherwise healthy adults as well as for char-
acterization of effects on cerebral white matter. Developments of quantitative 
phase-contrast techniques have huge potential in this application, although yet to be 
fully examined. MR perfusion is a rapid sequence and can be accomplished in about 
a minute and cover the entire brain compared to a short 5 cm margin of most CT 
perfusion studies. Post contrast-imaging acquisition can be competed afterward 
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  Fig. 18.3     A   62 years-old male with a left MCA stroke, image A is a CTA maximum intensity 
projection with a proximal middle cerebral artery cutoff, tPA was given, image B is a MRI with 
FLAIR hyperintense vessels, image C is a GRE with “blooming” of the penetrating vessels 
(increased cerebral blood volume), image D is a DWI with left frontal stroke and image E is a 
PWI-MTT map with a small amount of “mismatch” posterior to infarct (region of  light green ), 
image F demonstrates a PWI-CBV map with a dark core lesion correlating to the DWI lesion)       

   Table 18.2       Advantages and disadvantages of the major imaging modalities   

 Modality  Advantages  Disadvantages 

 Computed 
Tomography 

 • Fast  • Poor tissue contrast 
 Can do angiography and perfusion scanning  • Radiation exposure 
 • Widely available  • Uses iodinated contrast 

 MRI  • Excellent tissue contrast  • Time needed for scan 
 • Can do angiography and perfusion 
scanning 

 • Interacts with medical devices 
Patient comfort limitation 

 • Can evaluate fi ber tract structure  • Contrast-induced systemic 
nephrogenic fi brosis in persons 
with renal failure 

 • Representation of cortical function can be 
assessed 
 • Perfusion scan without need for contrast 
administration 
 • No radiation 
 • No iodinated contrast 

 PET/SPECT  • Represent gold standard of cerebral 
metabolism and perfusion assessment 

 • Radiation exposure 

 • Fast  • Limited availability 
 •  Repeatable    • Need special equipment to 

prepare contrast agents 
 • Need CT or MRI to co-register 
for anatomic correlation 
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 without   adding signifi cant time to imaging protocols. Advanced applications with 
MRI including diffusion tensor imaging (DTI), arterial spin labeling (ASL), and 
functional MRI (FMRI) also add to this signifi cant list of advantages. Each of these 
will be discussed in detail in the following sections. Scan time has been argued as a 
general disadvantage for MRI but it has been demonstrated that MRI is feasible and 
able to meet current stroke guidelines for rapid administration of tPA with a 15-min 
protocol that includes DWI, FLAIR, GRE (SWI), time of fl ight MR angiogram, and 
a perfusion weighted study [ 92 ]. This allows for a more rapid and complete analysis 
of brain pathology and may have both research and clinical ramifi cations such as 
using FLAIR as an imaging tissue clock [ 87 ,  88 ]. MRI does not expose patient to 
radiation and gadolinium contrast is not nephrotoxic.

       General Disadvantages 

 The main disadvantages with MRI relative to CT are cost and accessibility. MRI 
studies generally take signifi cantly longer than CTs, about 15 min for a robust stroke 
study [ 92 ] and in general about 30–45 min. There are signifi cant patient- related 
challenges in the use of MRI including foreign body ferromagnetic metals, some 
older aneurysm clips, medical stimulator, pace makers, and defi brillators. Many of 
these have been tested and approved for MRI, but in the case of a stimulator or 
pacemaker a qualifi ed care provider is likely needed to assess these devices after a 
scan to ensure proper function and if needed reset the device. Another important 
contraindication is the limitation of gadolinium contrast in persons with end stage 
renal disease on hemodialysis as they may develop nephrogenic systemic fi brosis 
[ 122 ]. Most MRIs have stricter weight limits for patients than do CTs with the aver-
age allowable patient weight being under 300 lb. Finally, patient compliance in 
terms of motion and ability  to   lay still and claustrophobia are a common concern in 
many studies and affect not only the ability to conduct the study but also to interpret 
the images acquired.   

    Functional  MRI   

  Functional magnetic resonance imaging (fMRI),   a derivative of MR imaging, allows 
for the visualization of task-related brain activation [ 123 ]. During fMRI studies, a 
series of images (or volumes) are acquired as a participant performs a given task. 
The time-course of changes in local MR signal is then associated with the timing of 
the task being performed. To accomplish the temporal resolution required to inves-
tigate the time-course, spatial resolution is compromised. To overcome this signifi -
cant limitation, the lower-resolution fMRI studies are generally statistically mapped 
onto a higher resolution anatomical scan. fMRI functions by utilizing the properties 
of blood fl ow and oxygen concentration changes that occur following neuronal fi r-
ing as a marker for regional activity. 
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    General  Principles of FMRI   

 The link between neural activation and a local increase in CBF is the general basis 
of blood oxygen level dependent (BOLD) fMRI. When an area of the brain is acti-
vated by the demand to perform a task, the local neurons begin to fi re and increase 
local metabolic activity in turn consuming oxyHb and increasing carbon dioxide 
and deoxyHb. Seconds after this drop in oxygenated hemoglobin, there is an 
increase in cerebral blood fl ow with an infl ux of fresh oxygenated hemoglobin. 
fMRI detects the change due to the difference in paramagnetic properties of oxyHb 
and deoxyHb, with deoxyHb being paramagnetic while oxyHb is not. On a T2* 
sequence, deoxyHb causes local dephasing of protons and reduces the return signal 
for tissues in the immediate vicinity which is the BOLD signal.  

    Uses 

 Functional MRI  has   not yet assumed a defi nitive role in the diagnostic evaluation of 
HTN and HTN-related disease. Animal model studies have demonstrated an 
increased BOLD response to moderate and severe hypertension as well as a 
decreased BOLD response to hypotension [ 124 ,  125 ]. BOLD imaging is being 
investigated at a potential marker for stroke related cerebral autoregulatory impair-
ment. In studies with small sample sizes, a delay in BOLD signal response has been 
correlated to impairment of cerebral autoregulation [ 126 ,  127 ]. Here, the applica-
tion of FMRI allows for the visualization of microvascular abnormalities, or hemo-
dynamic impairment that may be associated with stroke risk. fMRI is now routinely 
used in poststroke research of brain function, plasticity, and prognostication of 
recovery. Generally, the primary measures used are the total volume of activation 
relative to controls both ipsilateral and contralateral to the infarct. These studies 
generally investigate the relative response either as a function of stroke or as a func-
tion of remapping of cortical controls following stroke [ 128 ,  129 ]. These studies not 
only offer information on cortical control of cognitive and motor functions but also 
on the local tissue perfusion during cognition. fMRI is in its infancy in regard to 
evaluation of HTN and its related diseases, but offers some direction into develop-
ing studies to evaluate poststroke motor recovery and HTN related cerebral auto-
regulatory impairment.  

    General  Advantages   

 One of the major advantages of using fMRI is that it is a noninvasive technique 
requiring no use of intravenous contrast. Rather, fMRI relies upon the relative con-
centrations of oxyHb to deoxyHb in the blood as an endogenous contrast agent. 
This allows the clinician or researcher the availability to administer a number of 
scans on a single subject without sacrifi cing health or safety or having to control for 
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change in contrast concentrations over time or over brain regions. The relevance of 
using fMRI to study HTN lies in its ability to visualize CBF as a function of neuro-
nal activity. Unlike PET, studies using fMRI do not need to rely on an averaging 
across subjects because fMRI can accurately detect activation changes on the indi-
vidual level. This is a crucial advantage as the effects of hypertension are highly 
variable and likely interact with a number of other factors (age, other cerebrovascu-
lar risk factors, signifi cant medical history). Additionally, no ionizing radiation is 
needed as compared to PET. As MRI has become a mainstay clinical and research 
tool, availability of this technique has increased.  

    General  Disadvantages   

 Despite FMRI’s ability to provide spatially clear visualization of regional brain 
activation, it does have limitations imposed by the reliance on the cerebral micro-
vascular system and the time-course of changes in blood fl ow. In a healthy adult, the 
time to a hemodynamic response from the initiation of cognitive or motor activity 
is 5–6 s. Also, since stressors, including claustrophobia, can transiently raise blood 
pressure and thus increase CBF, nonneural changes may have an infl uence on the 
BOLD signal, which, if they change over the course of the study, are diffi cult to 
account for in statistical models [ 125 ]. fMRI requires a high degree of patient com-
pliance and is particularly sensitive to head movement and respiratory artifacts and 
requires signifi cant amount of postprocessing.   

    Diffusion Tensor MR  Imaging   

  Diffusion tensor magnetic resonance imaging (DTI)   is a technique that allows quan-
titative assessment of mean diffusivity of water or metabolites and fractional anisot-
ropy along organized white matter tracts. DTI allows for the visualization of 
microstructural organization, orientation, and the connectivity of the white matter 
fi ber tracts in the brain based on the principal diffusion directions [ 130 – 133 ]. DTI 
allows for detection of microstructural changes of the brain related to different 
pathology such as traumatic brain injury, multiple sclerosis, CADASIL and of par-
ticular interest, hypertension related entities such as stroke and leukoariosis, before 
changes are noticed on traditional MRI sequences. 

    General Principles 

 DTI is a special form of diffusion-weighted imaging that allows the assessment and 
visualization of  white matter and nerve fi bers   or the microstructure [ 133 ]. 
Conventional MRI pulse sequences do not allow for the examination of the integrity 
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or directionality of white matter tracts. DTI takes advantage of the diffusivity of 
water and other metabolites and their diffusion parallel to white matter tracts with 
restriction noted perpendicular to the white matter tracts [ 130 ]. It is this shape of the 
restriction of diffusion that is assessed with DTI. In well-organized and intact white 
matter fi ber tracts, the shape of water diffusion will occur preferentially along those 
tracts (anisotropy). When there is less organization or a lack of aligned and orga-
nized fi ber structures, the shape of water diffusion will be more isotropic or in dif-
ferent directions [ 130 ,  132 ]. Commonly, the degree of alignment  and   anisotropy is 
calculated as the fractional anisotropy (FA). FA values range from 0 to 1, where 0 
represents isotropic diffusion and 1 represents anisotropic diffusion [ 133 ]. Higher 
FA values are believed to represent such factors as degree of myelination and axo-
nal density. The FA values are dependent upon the shape and primary direction of 
diffusion. These values can be combined in various methods to provide estimates of 
the axial and radial diffusivity in addition to more standard measures of water dif-
fusion. DTI has been shown to distinguish between axonal and myelin injury by 
using axonal diffusivity as a marker of the integrity of axonal bodies and radial dif-
fusivity as a measure of the degree of myelination [ 134 – 136 ].  

    Uses 

 Multiple studies have used DTI to determine microstructural changes in patients with 
small vessel disease/white matter changes or history of hypertension. A small study 
noted  increased   mean diffusivity (MD) and decreased FA in cohorts with clinical 
small vessel disease and leukoariosis and a nonclinical hypertensive cohort compared 
a normotensive cohort, but the study did not specify the region of interest as including 
leukoariosis or normal white matter [ 137 ]. Other studies have been able to identify 
microstructural changes in HTN patients prior to the appearance  of   white matter 
hyperintensities on FLAIR. Increased MD in normal white matter has been correlated 
to high diastolic blood pressure [ 138 ] and both decreased FA and increased MD are 
noted in normal appearing white matter prior to the development of FLAIR hyperin-
tensities [ 139 ,  140 ]. Both  cognitive impairment and gait diffi culties   have been corre-
lated to increased MD in normal appearing white matter in hypertensive cohorts [ 141 , 
 142 ]. DTI has found utility in monitoring research patients prior to visible imaging 
abnormalities or perhaps monitoring treatment effect and prognostication for cogni-
tive impairment or worsening white matter changes.  

    General  Advantages and Disadvantages   

 Diffusion tensor imaging shares many of the advantages and disadvantages of stan-
dard MR imaging. DTI is able to evaluate cerebral microstructure and correlate to 
other MRI sequences and be completed relatively quickly during a routine MRI 
protocol. The disadvantages of DTI are that it is not widespread in use and requires 
a signifi cant amount of post processes and specifi c vendor software options.   
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    Arterial Spin  Labeling   

  Arterial spin labeling (ASL)   is an alternative to the DSC method of MR perfusion 
scanning. Perfusion is quantifi ed by measuring the magnetic state of infl owing 
blood in relation to the magnetic state of static tissue. ASL is, in particular, relevant 
to the study of the effects of HTN in the brain because differential vasodilatation 
effects potentially do not affect it. 

    General Principles and Technique 

 ASL allows for rapid quantitative measurements of perfusion in the brain taking 
about 2.5 min [ 143 ]. Arterial spin labeling takes advantage of  the   principles of 
endogenous tracers by taking advantage of arterial water as a feely diffusible tracer. 
First blood is magnetized proximal to the brain via a 180° radio frequency inversion 
pulse. The application of this pulse results in inversion of the net magnetization of 
the blood water; that is, the water molecules in the blood are now magnetically 
labeled and can be detected via MR imaging.    After a period of time known as the 
“transit time,” the magnetically labeled blood water travels to the region of interest 
and exchanges with the un-magnetized water present in the tissue altering total tis-
sue magnetization. During this infl ow of the inverted spin water molecules, total 
tissue magnetization is reduced, thereby reducing the MR signal and image inten-
sity. At this point, a “tag image” is taken. The experiment is then repeated without 
labeling the arterial blood to create a control image. To produce an image showing 
blood perfusion, the tag image is subtracted from the control image. The resulting 
image refl ects the total amount of arterial blood delivered to each voxel in the region 
of interest within the transit time. 

 Two major subgroups of ASL perfusion imaging exist,    continuous ASL and 
pulsed ASL. In continuous ASL (CASL), a continuous radio frequency pulse is 
applied to the targeted region below the slice of interest, resulting in continuous 
inversion of the magnetization of arterial blood water. Because of this continuous 
inversion, a steady state develops in which regional magnetization in the brain is 
directly related to cerebral blood fl ow [ 144 ]. In pulsed ASL (PASL), a short 10 ms 
radio frequency pulse is used to label blood water spins over a very specifi c area 
which allows for minimization of the distance between the labeling region and the 
imaging slice [ 145 ]. Both have advantages and disadvantages.  

    Uses and Measures 

 ASL has been used  in   acute stroke research as a noninvasive way to evaluate perfu-
sion. In patients who have renal disease and are at risk for developing nephrogenic 
systemic fi brosis, ASL provides a feasible and noninvasive method for assessing 
rCBF during imaging assessment of an acute stroke [ 143 ,  146 – 148 ]. Perfusion 
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maps need varying amount of postprocessing and limitations include only moderate 
inter-rater agreement with visual assessment [ 148 ] and ASL tends to miss smaller 
perfusion defi cits compared to DSC [ 143 ,  147 ]. ASL correlates well to NIHSS and 
outcome mRS during acute evaluation for stroke [ 146 ]. 

 ASL has been used to measure the effects  of   cerebrovascular risk factors, such as 
HTN, on regional cerebral blood fl ow, in an attempt to correlate regional cerebral 
blood fl ow with specifi c risk factors. For example, HTN was found to be signifi -
cantly associated with higher regional cerebral blood fl ow compared to other cere-
brovascular risk factors such as body mass index (BMI), carotid artery stenosis, and 
diabetes mellitus [ 149 ].  

    General  Advantages   

 Probably, the most noteworthy advantage of the ASL technique is that no exoge-
nous contrast agent is needed. Acquisition times are fast and the technique has been 
used in time sensitive applications such as stroke. Additionally, multiple sequential 
ASL maps can be obtained and it can be used for functional applications as well as 
real-time cerebrovascular hemodynamic applications.  

    General  Disadvantages   

 Some limitation of arterial spin labeling includes error in tagging blood as the time 
taken for the inverted-spin water molecules to travel from the region of inversion to 
the region of interest is nonzero. Additionally, visualization of small perfusion 
defects is often missed [ 147 ]. ASL is not widespread, and expertise in interpretation 
of images is limited to larger academic centers. Head motion artifacts are more 
signifi cant because subtraction is necessary and it requires high concordance 
between subsequent images.   

       Positron Emission Tomography and Single Photon Emission 
Computerized Tomography 

    General Principles and  Technique   

 PET imaging applications include functional neuroimaging, metabolic imaging, and 
evaluation of specifi c pathology that can bind to a given radiotracer. PET functional 
neuroimaging is based on an assumption that areas of high blood fl ow are also areas 
of high radioactivity. SPECT neuroimaging is similar to PET in that they both detect 
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a radioactive tracer with gamma rays.    Typically, SPECT radiotracers are  99m Techne-
tium,  123 Iodine, and  111m Indium. PET imaging typically uses oxygen-15 labeled water 
( 15 O) and fl uorine 18-labeled deoxyglucose ( 18 F-FDG). The difference arises in that 
the tracer used in SPECT releases gamma rays that are directly detected. PET, on the 
other hand, uses a tracer that releases positrons that annihilate with electrons and sub-
sequently form a pair of gamma photons that are emitted at a 180° direction from each 
other [ 150 ]. This allows for better localization of the source of the radiation.  15 O 
labeled water is typically used for measuring perfusion (CBV, CBF) and  15 O labeled 
oxygen is used for measuring oxygen extraction fraction (OEF). MTT and cerebral 
metabolic rate of oxygen (CMRO 2 ) are calculated from CBV, CBF, and OEF, respec-
tively [ 150 ]. FDG-PET uses  18 F-FDG to monitor glucose metabolism.  

    Uses and Measures 

 PET scanning has been the modality of choice in the evaluation of  the   physiological 
and metabolic effects of HTN and related pathologies on the brain. PET parameters 
tested in hypertension as well as stroke and carotid disease are CBF, CBV, MTT, and 
OEF. Long-term HTN has been associated with a decrease in resting rCBF compared 
to healthy controls of similar age, noted in the prefrontal, anterior cingulate, and 
occipital areas [ 12 ] and task associated blunting of rCBF in the posterior parietal 
regions, thalamus, and middle cerebral artery watershed territory [ 151 ]. PET has been 
used to evaluate treatment effects of HTN in cognitive tasks. One study tested for 
improved regional blood fl ow of hypertensive patients on blood pressure treatment or 
control with memory tasks and acetazolamide challenge and found no improvement 
with rCBF [ 152 ]. The same group focused rCBF region of interest on the thalamus 
and found a blood fl ow response in treated hypertensive patients in the thalamus com-
pared to control [ 153 ]. Mild hypertensive patients were found to have reduced rCBF 
in the prefrontal cortex and basal ganglia compared to normotensive patients, 
decreased CBF was found in moderate hypertensive patients compared to normal con-
trols and in spontaneously hypertensive rats, there was a cortical and thalamic reduc-
tion in rCBF compared to normotensive rats [ 154 ]. PET has demonstrated the effect 
of hypertension on rCBF, the physiologic effect of cognition associated with long-
standing HTN, and possibly improved rCBF with treatment of HTN [ 155 ]. 

 Current clinical evaluation of treatment  of   carotid stenosis relies on a degree of 
stenosis, typically 60–70 % in a person with symptomatic disease. Research efforts 
have been directed in evaluating plaque morphology and composition in order to 
attempt to predict future stroke. PET identifi es regions of infl ammation with 
increased uptake of  18 F-FDG into the plaque but needs to co-registered with CTA 
[ 156 – 158 ], MRI [ 159 ], and carotid duplex [ 160 ] SPECT uses radiolabeled tracers 
to LDL or oxidized LDL (MDA2 epitopes on oxidized LDL), apo-B portion of 
LDL, macrophages expressive cell surface Fc receptors, and GPIIa/IIIb receptor 
antibodies for the identifi cation of vulnerable plaque but has less resolution than 
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PET [ 161 ,  162 ]. Another use of PET is to correlate an increased oxygen ejection 
fraction (rOEF) as a region of tissue at risk that will progress to infarction with 
atherosclerotic carotid occlusion/stenosis, as OEF is an indicator of mismatch 
between metabolic demand and cerebral blood fl ow [ 150 ]. A study evaluating 
extracranial- intracranial bypass in persons with resent carotid occlusion was 
assessed using an OEF ratio suspected of being high risk for continued infarction; 
however, the procedure added no benefi t compared to control [ 163 ].  

    General  Advantages   

  15 O PET, FDG-PET, and SPECT all allow for quantifi cation different quantitative 
parameters of brain hemodynamics, such as rCBFm rCBV, (rOEF) and metabolic 
rate (rCMRO2). PET gives physiological information, indirect information on 
neuronal and neurotransmitter activity. In addition, these modalities allow for 
evaluation of function both at rest and during neuropsychological testing. PET can 
be used to monitor pharmacologic effi cacy as in a study that demonstrated 
decreased plaque infl ammation with intensive statin use [ 164 ].  

    General  Disadvantages   

 PET scan takes approximately 5–10 min [ 165 ]. The information regarding function 
allows for information co-registration with a CT scan or MRI which is needed in order 
to obtain structural correlation. In addition, it is quite expensive and reimbursement 
for clinical application may be limited to neuro-oncological evaluation.    PET is subject 
to full width, half maximum (FWHM) and partial volume-averaging artifact phenom-
enon, due to detection of radiation in an area greater than the target tissue [ 123 ]. 
SPECT and FDG-PET are less expensive and more likely to be reimbursed [ 166 ]. 
PET has limited spatial resolution of about 5 mm; co-registration with CT or high 
resolution MRI can improve resolution. SPECT has a spatial resolution of about 
10 mm, and like PET can be co-registered with CT to improve resolution [ 162 ]. The 
expense and radiation exposure of PET, FDG-PET, and SPECT make them all poor 
screening modalities, although their mechanism of detection makes them superior in 
screening vulnerable physiologic states for infarction, multiple modal MRI and CT 
can now provide much of the same physiological data. Additionally,    many of the trac-
ers in PET require a cyclotron nearby due to the short half-life of these tracers.   

    Summary and Conclusions 

 Recent advances in neuroimaging,    together with the increasing availability of high- 
fi eld MRI systems at most major medical centers, provide the foundation for the 
expectation that MRI-based measures will allow better quantifi cation and 
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qualifi cation of the effects of HTN on the brain. MRI offers the most robust evalua-
tion of anatomic and physiologic parameters. Arterial spin labeling has the added 
benefi t of repeated perfusion studies without the need for contrast neither adminis-
tration nor radiation exposure. MRI is clearly superior to CT for studies of brain 
structure and function and MRI also has been proven feasible for acute evaluation 
of HTN related pathologies, and CT remains relatively less expensive, fast, and 
more widely available. PET and SPECT represent the gold standard in evaluating 
and quantifying cerebral physiology and metabolism but require signifi cant radia-
tion exposure, have high cost, require MRI or CT co-registration for anatomical 
correlation and have limited availability.     
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