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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. 
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  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 

B.J. Kim et al.



111

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       

 

B.J. Kim et al.



115

    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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