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Chapter 1: Introduction 

1.1 Epidemiology 

The term cerebral amyloid angiopathy (CAA) describes an heterogeneous group of 

biochemically and genetically various central nervous system (CNS) disorders, which 

share a characteristic morphological finding on pathological examination, i.e. amyloid 

fibrils deposited in the walls of small to medium-sized, blood vessels, mostly arterial 

[1–5]. CAA is classified into several types according to the amyloid protein involved. 

So far, seven amyloid proteins have been reported in CAA, including amyloid β-protein 

(Aβ), cystatin C (ACys), prion protein (APrP), ABri/ADan, transthyretin (ATTR), 

gelsolin (AGel), and immunoglobulin light chain amyloid (AL) [3]. CAA mostly occurs 

in a sporadic form in the elderly, while rare familial forms occur in younger patients and 

generally lead to more severe clinical manifestations [1]. The sporadic form and most 

hereditary forms of CAA are of the amyloid-β (Aβ-CAA) type [1].  

From a historical perspective, vascular Aβ deposition in the CNS was first described by 

Gustav Oppenheim in 1909, who found foci of necrosis in the brain parenchyma 

adjacent to hyalinized capillary walls in brains of autopsied individuals with senile 

dementia [6]. In 1938, Scholz published the first article focusing solely on cerebral 

vascular abnormalities now recognized as CAA [7]. The observation that CAA is 

limited to the vascular media without adjacent parenchymal involvement was made in 

1954 by Stefanos Pantelakis, together with the observations of the main involvement of  

small to medium-sized, cortical and leptomeningeal blood vessels, preferentially of 

posterior brain regions [8]. Moreover, Pantelakis observed the strong association of 

CAA with age and dementia, the lack of association with hypertension and 

atherosclerosis and the lack of connections with systemic amyloidosis [8]. Okazaki and 

colleagues in 1979 clarified the relationship between CAA and lobar intracerebral 

hemorrhage (ICH) [9]. Finally, in 1984 Aβ was isolated from cerebral blood vessels by 

Glenner and Wong [10]. 

Sporadic CAA is a small vessel disease (SVD) characterized by the Aβ peptide 

deposition in the walls of cortical and leptomeningeal arteries, arterioles and capillaries 

[2]. CAA occurs frequently in elderly people and it is a common and important cause of 

symptomatic lobar ICH, cognitive impairment (either chronic or rapidly progressive) or 

transient focal neurologic symptoms [2,5,11]. The prevalence of CAA in the elderlies is 
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28-38% in not demented and 55-59% in demented patients in population-based autopsy 

studies [12]. Moreover, more than 90% of Alzheimer’s disease (AD) patients show he 

presence of CAA in autopsy studies [13], but only 25% have moderate-severe CAA 

[14]. The most important risk factor for CAA development is age, while the ApoE ε4 

and ε2 alleles are the only genetic risk factors robustly associated with the risk of 

developing sporadic CAA [15]. 

Familial forms of CAA are exceedingly rare autosomal dominant disorders related to 

genetic variants of Aβ or to non-Aβ proteins, which provide unique paradigms to 

examine the role of amyloid in the mechanism of disease pathogenesis [16]. Among 

familiar Aβ cerebral amyloidosis, most mutations are reported within the Aβ region 

comprising residues 21–23 [16]. The first discovered and best characterized form is 

hereditary cerebral hemorrhage with amyloidosis Dutch-type, which is clinically 

defined by recurrent strokes, vascular dementia and fatal cerebral bleeding in the fifth to 

sixth decades of life (AβE22Q mutation) [17]. Within the same amino acid cluster, the 

Italian type variant is responsible of a 10- to 20-year progression of recurrent strokes 

and mild cognitive decline (AβE22K mutation) [18]. Among non-Aβ cerebral 

amyloidosis, hereditary cerebral hemorrhage with amyloidosis Icelandic type is a 

cystatin C-related cerebral amyloidosis causing cerebral hemorrhage with fatal outcome 

in the third to fourth decade of life in approximately half of the cases [16].  

 

1.2 Pathophysiology 

Aβ is proteolytically cleaved by β- and γ-secretase from its precursor, β-amyloid 

precursor protein (APP) (Figure 1) [19]. In contrast to Aβ deposition in AD, a 

substantial proportion of Aβ in vascular deposits is the shorter Aβ 1-40 species, which is 

more soluble than the longer Aβ 1-42 more prominent in the plaques in brain tissue [2]. 

Soluble Aβ forms undergo a change in conformation (via mechanisms that remains 

largely unknown) resulting in a predominantly β-sheet structure, highly prone to 

oligomerization, fibrillization and deposition [1]. In turn, these deposits trigger a 

secondary cascade of events including, among others, release of inflammatory 

components, activation of the complement system, oxidative stress, alteration of the 

blood-brain barrier (BBB) permeability, and cell toxicity [1]. 
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Figure 1 APP, the secretase cleavage sites, and the location of APP mutations causing familial AD and/ 

or Aβ-CAA are shown. APP is in blue, the amino acid sequence of Aβ1-42 (boxed) is shown in red, and 

the predicted transmembrane domain of APP is underscored. The major cleavage sites for α-, β-, and γ-

secretases are indicated by the scissors. The location of the most important APP mutations known to 

cause either familial AD and/or Aβ-CAA are marked by asterisks. From Herzig et al., Brain Pathol 2006 

[19] 

 

Vascular amyloid has been suggested to be predominantly generated by neurons and 

subsequently deposited in the vessel wall [19]. Since no evidence of increased Aβ 

production has been found in sporadic CAA, imbalance between Aβ production and 

clearance is generally considered a key element in the formation of amyloid deposits  

[1]. Mechanisms of Aβ clearance involve the drainage to blood flow with interstitial 

fluid along perivascular spaces as well as the actively translocation through the BBB 

into the blood (Figure 2) [19]. Changes of the vessel wall properties, i.e. thickening of 

the basement membrane caused by perivascular astrocytosis in response to 

overproduction of TGF-β1, might impair the interstitial fluid clearance evidenced by 

several basement membrane components that have been shown to bind Aβ directly or 

indirectly through the ApoE [19]. On the other hand, the amphyphilic nature of Aβ 

precludes its crossing through the BBB unless mediated by specialized carriers and/or 
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receptor transport mechanisms; among receptors involved, the upregulation of the 

lipoprotein receptor (LRP) in vascular smooth muscle accelerates Aβ vascular 

deposition [19]. 

 

 

 

Figure 2 Hypothetical mechanism involved in Aβ-CAA formation. Neuronally produced Aβ is 

transported via interstitial fluid to the blood vessels. On its way it is cleared by Aβ-degrading enzymes 

and/or glia cells. At the vasculature Aβ is cleared by receptor-mediated translocation through the BBB 

into the blood, or by perivascular drainage. If these clearance mechanisms are impaired, Aβ accumulates 

and forms amyloid deposits either in the brain parenchyma (amyloid plaques) or in the vessel wall 

(vascular amyloid). Thereby, a low Aβ40:42 ratio of soluble Aβ favors parenchymal amyloid, ie, Aβ 

accumulates close to the site of its production, while a high Aβ40:42 ratio promotes vascular amyloid. 

From Herzig et al., Brain Pathol 2006 [19] 

 

Aβ deposition leads to important modification of structures and vascular functions. 

Pathological examination of blood vessels in both sporadic and familial CAA show loss 

of smooth muscle cells, vessel wall thickening, lumenal narrowing, concentric splitting 

of the vessel wall, microaneurysm formation, and perivascular microhemorrhage [2]. 
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Two specific pathological subtypes are described: CAA type 1, characterized by Aβ 

deposition in cortical capillaries (with or without involvement of other vessels), and 

CAA type 2, where Aβ deposits are restricted to leptomeningeal and cortical arteries, 

but not capillaries [20]. CAA type 2 is associated with primarily hemorrhagic lesions 

[lobar intracerebral macrohemorrhage, cortical microhemorrhage, and cortical 

superficial siderosis (cSS)/focal convexity subarachnoid hemorrhage (SAH)], while 

CAA type 1 with primarily ischemic lesions (cortical infarction and ischemic changes 

of the white matter) and coexistence with AD pathology [5]. An emergent pathological-

clinical CAA manifestation is a subacute leukoencephalopathy caused by CAA-related 

inflammation/angiitis [3]. Thus, CAA-related hemorrhagic, ischemic and inflammatory 

alterations are associated with the risk of stroke, dementia, and encephalopathies [3,5]. 

 

1.3 Clinical features 

Symptomatic intracerebral hemorrhage 

CAA-related ICH is the second most common cause of ICH following hypertensive 

angiopathy, accounting for at least 5–20 % of all spontaneous ICH according to 

clinicopathological studies [2]. CAA is significantly associated with lobar ICH, 

especially temporal and occipital lobe, rarely cerebellum or deep structures, reflecting 

the localization of the underlying microangiopathy (sporadic Aβ-CAA is commonly 

found in the meningeal and cortical vessels of cerebral cortices) [3]. The predilection 

for the occipital lobes is not well understood but one hypothesis is that greater tortuosity 

of occipital small arteries impairs perivascular drainage [21]. By contrast, hypertensive-

related ICH is associated with deep or infratentorial regions (basal ganglia, thalamus, 

pons) as a consequence of hypertensive arteriopathy which causes lipohyalinosis and 

fibrinoid necrosis of small lenticulostriate perforating arteries. CAA with symptomatic 

lobar ICH present less neurofibrillary tangles and more APOE ε2 phenotype and  

disseminated CSS, than CAA without ICH [22]. CAA-related lobar ICH is often 

multiple and recurrent (at a rate of recurrence on the order of 10% per year) [5]. 

 

Cognitive impairment and dementia 

Cognitive impairment in CAA was first reported over two decades ago and is associated 

with SVD pathology (hemorrhagic/ischemic vascular lesions) with the eventually 
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contribution of AD pathology [3,5]. Dementia was reported in 74% of individuals with 

severe CAA at autopsy and in clinical settings it can precede ICH, thus occuring 

independently of symptomatic ICH [3,5]. Dissecting the independent impact of SVD 

and AD pathology in CAA-related cognitive decline is still an open issue. 

Neuropathological studies suggest that vascular and parenchymal Aβ deposits can occur 

either relatively independently of each other, or can overlap: individuals who die of 

CAA-related hemorrhage, approximately 50% meet AD criteria, while approximately 

25% of patients with AD also have severe CAA [2]. Neuroimaging evidence further 

supports these neuropathological findings: in particular lobar cerebral microbleeds 

(CMB), a hallmark feature of CAA, are detectable in ⅕ or more of patients diagnosed 

with AD and are more considerably more prevalent in AD compared to healthy 

population and other causes of neurodegenerative dementia [2]. Interactive effects of 

neurodegenerative and cerebrovascular diseases on cognition certainly result from  the 

cumulative brain injuries caused by each process, but also from the crosstalk between 

the two processes [4]. Cognitive impairment in CAA seems to correlate most directly 

with non-haemorrhagic SVD markers, namely white matter hyperintensities (WMH), 

cerebral microinfarcts and in particular structural disconnection measured with diffusion 

tensor imaging (DTI), suggesting that disconnection has a primary role in vascular 

cognitive impairment and dementia [4]. Vascular dysfunction caused by CAA reduces 

perivascular Aβ clearance, thus creating a vicious cycle of vascular and parenchymal 

Aβ accumulation (cerebrovascular dysfunction is in fact an early step also in AD 

pathogenesis) [4]. Finally, tau deposition has been observed around Aβ-laden vessels in 

sporadic and hereditary CAA and brain atrophy is recognized to be feature of CAA [4]. 

 

Rapidly progressive cognitive and neurological decline (CAA related inflammation) 

CAA can rarely present as a spontaneous acute/subacute encephalopathy namely 

cerebral amyloid angiopathy-related inflammation (CAA-ri), characterized by the 

presentation of neurological symptoms that vary from very mild cognitive disturbances 

and headaches to rapidly progressive cognitive decline, seizures, focal neurological 

deficits and impaired consciousness [23–25]. Typical magnetic Resonance Imaging 

(MRI) findings are acute WMHs suggestive of vasogenic edema (VE), associated with 

MRI hallmarks of CAA such as CMBs and cSS [25]. In the recent past, CAA-ri has 
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generated additional interest for its clinic-radiological similarities to the amyloid-related 

imaging abnormalities (ARIA), developed by a subset of patients with AD receiving 

bapineuzumab and other anti-amyloid drugs, such as avagacestat and gantenerumab 

[26]. Therapies using anti-Aβ antibodies might be complicated by ARIA-E (edema), 

consisting of focal areas of WMH suggestive of parenchymal edema and/or effusion, or 

ARIA-H (hemorrhage), consisting of CMBs and cSS [27]. The pathogenetic mechanism 

of ARIA is still unknown, but it is supposed to be an abnormal immune response 

directed toward the deposited cerebrovascular Aβ, modulated by antibody dosage, 

which is suggestive of a specific role of the anti-Aβ antibodies administered for 

therapeutic purposes [27]. 

 

Transient neurological symptoms (Amyloid spells) 

An increasingly recognized presentation of CAA consists of transient focal neurological 

episodes (TFNE), sometimes less specifically referred to as amyloid spells, which 

include predominantly positive symptoms (“aura-like”) and predominantly negative 

symptoms (“transient ischemic attack–like”) [5,28]. TFNE were found to occur in 14% 

of patients with CAA and are mostly recurrent, stereotyped, and brief (usually <30 

minutes) [28]. The clinical features of the episodes indicate a cortical rather than a 

subcortical origin and are often associated with hemorrhagic MRI lesions, including 

SAH and cSS [5]. Thus, TFNE are probably related to the hemorrhagic rather than the 

ischemic components of CAA; possible mechanisms include focal seizure-like activity 

or migraine aura-like cortical spreading depression [28]. A strikingly high early risk of 

symptomatic lobar ICH (37.5% at 2 months) after CAA-related TFNE is reported [28]. 

 

1.4 Diagnosis and biomarkers 

CAA is defined by the histopathologic deposition of Aβ in the cerebrovasculature and 

through the 1980s the disorder was only diagnosed in patients with available brain 

tissue from hematoma evacuation, biopsy, or most commonly post-mortem exam [29]. 

Introduction of the imaging-based Boston criteria for diagnosis of CAA in the 1990s, 

allowed in vivo diagnosis of CAA and substantially moved the field from the 

pathologist’s realm to the clinician’s [30]. Probable or possible CAA diagnosis is based 

on brain imaging plus clinical exclusions (Table 1). CAA entailed neuroimaging 
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demonstration hemorrhages restricted to lobar brain regions, defined as cerebral cortex, 

corticosubcortical junction and subcortical white matter; the incorporation of cSS as one 

additional hemorrhagic lesion (“modified Boston criteria”), was proposed and validated 

in 2010 [31]. MRI-histopathological studies of patients presenting primarily with ICH 

have provided validating evidence for the original Boston criteria probable CAA 

diagnosis (sensitivities ranging from 57.9% to 76.9% and specificities of 87.5% to 

100%), while the modified Boston Criteria improved sensitivity without lowering 

specificity [29,31,32]. Among non-ICH individuals with other clinical presentations 

such as cognitive impairment or transient focal neurological episodes, it was detected a 

lower sensitivity of 42.4% and similar specificity of 90.9% [29,33]. 

 

Table 1, Classic and modified Boston criteria for diagnosis of CAA. 

1. Definite CAA 

Full post-mortem examination demonstrating: 

• Lobar, cortical, or cortical-subcortical haemorrhage 

• Severe CAA with vasculopathy 

• Absence of other diagnostic lesion 

2. Probable CAA with supporting pathology 

Clinical data and pathologic tissue (evacuated haematoma or cortical biopsy) demonstrating: 

• Lobar, cortical, or cortical-subcortical haemorrhage 

• Some degree of CAA in specimen 

• Absence of other diagnostic lesion 

3. Probable CAA 

Clinical data and MRI or CT demonstrating: 

• Multiple haemorrhages restricted to lobar, cortical, or cortical-subcortical regions (cerebellar 

haemorrhage allowed) OR  

• Single lobar, cortical, or cortical-subcortical haemorrhage and focalb or disseminatedc superficial 

siderosis 

• Age≥55 years 

• Absence of other cause of haemorrhagea 
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4. Possible CAA 

Clinical data and MRI or CT demonstrating: 

• Single lobar, cortical, or cortical-subcortical haemorrhage OR 

• Focalb or disseminatedc superficial siderosis 

• Age ≥55 years 

• Absence of other cause of haemorrhagea 

a Other causes of haemorrhage include: antecedent head trauma, haemorrhagic transformation of an 

ischemic stroke, arteriovenous malformation, haemorrhagic tumour, warfarin therapy with international 

normalisation ratio > 3 and vasculitis 

b Focal siderosis: siderosis: siderosis restricted to 3 or fewer sulci. 

c Disseminated siderosis: siderosis affecting at least 4 sulci 

 

Similarly, a definite diagnosis of CAA-ri requires histopathologic confirmation; 

however in the presence of an appropriate clinical presentation, MRI WMH patterns 

asymmetric and extended to the immediately subcortical white matter (probable CAA-ri) 

or simply extended to the immediately subcortical white matter (possible CAA-ri) and 

at least one corticosubcortical hemorrhagic lesion meet clinical-radiological criteria of 

CAA-ri (Table 2) [25]. MRI-histopathological studies found a sensitivity and specificity 

of 82% and 97%, respectively, for the probable criteria and a sensitivity and specificity 

of 82% and 68%, respectively, for the possible criteria [25]. 

 

Table 2, Criteria for the diagnosis of CAA-ri. 

1. Probable CAA-ri 

• Age ≥40 years 

• Presence of ≥1 of the following clinical features: headache, decrease in consciousness, behavioral 

change, or focal neurological signs and seizures; the presentation is not directly attributable to an acute 

ICH 

• MRI shows unifocal or multifocal WMH lesions (corticosubcortical or deep) that are asymmetric and 

extend to the immediately subcortical white matter; the asymmetry is not due to past ICH 

• Presence of ≥1 of the following corticosubcortical hemorrhagic lesions: cerebral macrobleed, cerebral 
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microbleed, or cortical superficial siderosis 

• Absence of neoplastic, infectious, or other cause 

1. Possible CAA-ri 

• Age ≥40 years 

• Presence of ≥1 of the following clinical features: headache, decrease in consciousness, behavioral 

change, or focal neurological signs and seizures; the presentation is not directly attributable to an acute 

ICH 

• MRI shows WMH lesions that extend to the immediately subcortical white matter 

• Presence of ≥1 of the following corticosubcortical hemorrhagic lesions: cerebralmacrobleed, cerebral 

microbleed, or cortical superficial siderosis 

• Absence of neoplastic, infectious, or other cause 

 

Neuroimaging 

In vivo diagnosis of CAA is based on clinical data and MRI findings; lobar, cortical or 

cortical-subcortical hemorrhages (including ICH and CMBs) and focal or disseminated 

cSS are the hallmark biomarkers for CAA. Other common MRI findings are WMHs, 

cerebral microinfarcts, enlarged perivascular spaces (EPVS) and cortical atrophy 

(Figure 3). In the past years, the broader availability of brain MRI, allowed the better 

characterization of the expanding imaging spectrum of CAA and the assumption that 

neuroimaging markers may reflect distinct but related aspects of CAA pathophysiology 

(Table 3) [34].  

CMBs are small round or ovoid lesions detected in hyposignal on paramagnetic 

sensitive MRI sequences including T2*-weighted gradient-recalled echo (T2*GRE) or 

susceptibility-weighted (SWI) [35]. Pathological studies showed that CMBs correspond 

to focal accumulations of hemosiderin-laden macrophages adjacent to abnormal small 

vessels affected by hypertensive angiopathy or CAA [36]. The topography of CMB 

distribution has been considered as an important marker for underlying cerebral SVD. 

Association of deep and infratentorial CMBs with hypertensive arteriopathy and lobar, 

cortical or cortical-subcortical CMBs with CAA has been demonstrated with 

histopathological studies and preliminary amyloid positron emission tomography (PET) 

investigations [37]. Also, strictly lobar microbleeds are associated with APOE epsilon 4; 
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in contrast, cardiovascular risk factors and presence of lacunar infarcts and WMHs are 

associated with deep or infratentorial microbleeds [38]. It has been shown that lobar 

CMBs can be used as a diagnostic marker for CAA in hospital-based populations with a 

positive predictive value reaching >85%; however, the positive predictive value 

dropped to 25% in the general population, suggesting that lobar  CMBs may be a more 

accurate CAA marker in patients with related clinical symptoms [39]. The detection of 

CMBs is associated with important clinical aspects. Presence of CMBs is associated 

with both risk of ICH and ischemic stroke [40]. In contrast, the effects of CMBs on 

cognitive function is less conclusive. Although not associated with the risk of dementia 

in the overall population, the presence of CMBs has been associated with several types 

of cognitive dysfunction and evidence suggests that CMBs in lobar regions, which are 

usually attributed to CAA, are most strongly associated with cognitive decline [5,40,41]. 

cSS refers to the curvilinear, homogeneous  hypointense lesion that follows the gyral 

cortical surface and can be demonstrated on blood-sensitive MRI sequences [39]. This 

lesion may have a ‘track-like’ appearance that results from hemosiderin accumulating at 

bilateral sides of cortical sulcus in subacute and chronic stages of cSAH [39]. 

According to the involved areas, cSS could be divided into focal and disseminated types. 

cSS should be differentiated from ‘classical’ superficial siderosis, which predominantly 

affect infratentorial areas [42]. cSS is considered a specific marker of CAA, evident in 

40 to 60% of CAA patients [39]. cSS is associated with TFNEs and might be a marker 

of future ICH risk in CAA patients [5,43]. 

WMHs refer to bilateral, mostly symmetrical, white matter hyperintense lesions 

demonstrated on T2-weighted imaging study with corresponding iso- or hypointense 

appearance on T1-weighted  sequence [39]. The pathophysiology in WMH is probably 

associated to chronic ischemic changes, brain tissue damage, BBB disruption, decreased 

vascular integrity, and interference with capillary permeability [39]. The topography of 

WMH distribution is considered as an important marker for different type of underlying 

SVD. Peri-basal ganglia lesions are more often associated with hypertensive 

vasculopathy, frontal or equally distributed WMHs were the most common pattern in 

healthy elderly, while subcortical and posterior predominant WMHs are associated with 

CAA [3,39]. Presence of WMHs is associated a great variety of clinical disfunctions, 



14 
 

from risk of ischemic stroke and ICH to dementia, both in general population and CAA 

patients [5,39,40,44].  

Cortical microinfarcts are hyperintense lesions with greatest dimension less than 5mm  

on high resolution T2-weighted imaging studies (3- and 7-Tesla MRI) that are located 

within the cortical ribbon [39]. Microinfarcts are associated with both risk of ischemic 

stroke and ICH in the overall population and with dementia in CAA cohort [3,5,40].  

EPVSs are MRI-visible linear or dot-like structures depending on the different imaging 

angle with the vessels, hyperintense on T2-weighted sequences similar to cerebrospinal 

fluid (CSF) [39]. PVSs (also known as Virchow–Robin spaces) represent extensions of 

subarachnoid spaces that surround small penetrating cortical arterioles and venules as 

they run from brain surfaces into brain parenchyma, draining CSF to ventricles, with a 

clearance function that include Aβ [39]. Like other SVD imaging features, EPVS 

topography reflects different underlying pathology; those in the centrum semiovale are 

CAA-related while those in the basal ganglia are linked to hypertensive vasculopathy 

[39,45]. EPVSs are present in almost all patients with spontaneous ICH and are 

associated with dementia in CAA patients [5,45]. 

 

 

 

Figure 3 Schematic representation of the spectrum of haemorrhagic and ischaemic manifestations of 

sporadic CAA, visible on structural MRI. From Charidimou et al., Brain 2017 [5] 
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Table 3, Association of MRI markers of SVD with risk of ICH and dementia in the overall population 

[40] and in CAA patients [5]. 

SVD MRI 

markers 

 ICH Dementia 

CMBs Overall  xxx NS 

CAA* xxx xx 

cSS Overall    

CAA* xx NS 

WMH Overall  xx xxx 

CAA* xxx xx 

EPVS Overall    

CAA* xxx xx 

Microinfarcts Overall  xxx NS 

CAA* NS xxx 

 

CMBs, cerebral microbleeds; cSS, cortical superficial siderosis; WMH, white matter hyperintensities; 

EPSV, enlarged perivascular spaces; NS, not significant. * for CAA only SVD MRI markers located in 

cortical or cortical-subcortical regions are considered 

 

Amyloid biomarkers 

While MRI is commonly used for diagnosis within the validated Boston criteria, this 

approach is limited in detecting the pathologic consequences of rather advanced CAA 

[5]. Direct and early markers of cerebrovascular amyloid in vivo remain a key unmet 

need in the field; pathophysiologic biomarker would indeed have clinical implications 

for accurate early diagnosis, dementia and stroke risk stroke risk classification and 

future therapeutic strategies [46]. The clinical usefulness of these biomarkers in 

everyday practice currently remains limited and under investigation [5]. 

Amyloid PET imaging has been shown to measure the burden and location of β-amyloid 

deposit, however due to the low resolution of PET, vascular amyloid cannot be 

differentiated from parenchymal amyloid [46–48]. The sensitivity of amyloid PET for 
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CAA diagnosis ranged from 60% to 91% and the specificity from 56% to 90% [46]. 

The main limitation is represented by the possibility of a proportion of elderly healthy 

subjects and patients with deep ICH having incipient AD or CAA pathology [47,48]. 

However, in the appropriate clinical setting, it would be useful in differentiating patients 

with probable CAA from cognitively normal healthy controls or patients with deep ICH, 

mainly because a negative scan almost certainly rules out advanced CAA [46]. Future 

directions for differential diagnosis between CAA and AD include the assessment of the 

regional PET uptake pattern and perhaps early-phase PET images [47]. In a research 

setting, amyloid PET has been demonstrated to show CAA-related microbleeds [5,47]. 

With regard to CSF analyses, the direct measurement of amyloid proteins and other 

protein markers suggests that measurement of beta-amyloid 1-40 (Aβ40), beta-amyloid 

1-42 (Aβ42), total tau (t-tau), and phosphorylated tau (p-tau) might differentiate CAA 

from controls as well as from AD patients [49,50]. In particular the Aβ40/42 ratio, but 

also elevated p-tau and t-tau, differentiates between AD and CAA, however without 

clinically useful accuracy [50]. Similarly for CAA-ri, outside the diagnostic criteria, 

CSF abnormalities such as mildly elevated protein and the presence of leukocytes have 

been suggested to be useful for the diagnosis, however neither sensitive nor specific 

[25]. Most intriguingly, elevated CSF anti–β-amyloid autoantibodies during the acute 

phase of CAA-ri and not in noninflammatory CAA or other non-CAA inflammatory 

disorders have been detected, but validation of experimental cutoff values for CAA-ri 

diagnostic confirmation is needed [27]. 
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Chapter 2: Experimental Study 1 

2.1 Aim 

To clarify whether neuroimaging markers differ between patients with CAA with 

hemorrhagic versus cognitive onset. In addition, exploratory analyses investigated 

whether neuroimaging markers are associated with specific CSF or neuropsychological 

profiles in the cognitive onset group. 

 

2.2 Materials and Methods 

2.2.1 Study design and participants 

The study was designed as a single-site retrospective study. We assessed 90 patients 

with a diagnosis of CAA according to the modified Boston criteria [32] attending the C. 

Mondino National Neurological Institute in Pavia, Italy, over a nine-year period (2012 

to 2021) (Figure 4). Based on their clinical presentation, patients had been initially 

referred to the Memory Clinic or the Stroke Unit. We evaluated all patients with 

suspected CAA. i.e., patients with cognitive decline, survivors of spontaneous lobar 

ICH, patients with CAA-related inflammation, and those who, during investigation for 

other symptoms, had been found to have features characteristic of CAA, such as lobar 

CMBs, cSS and asymptomatic lobar ICH. The patient inclusion criteria were: (1) 

fulfilment of the modified Boston criteria for probable or possible CAA [32]; (2) 

availability of 3 or 1.5 Tesla MRI sequences including T2*-weighted gradient-recalled 

echo (T2*-GRE), fluid attenuated inversion recovery (FLAIR), T2-weighted TSE, and 

3D T1-weighted MPRAGE; (3) availability of clinical data. CAA patients without an 

adequate MRI imaging workup were excluded (n=25). Clinical data and medical history 

at the time of symptom onset (age, gender, family history, clinical history, vascular risk 

factors including hypertension, diabetes, dyslipidemia, use of antithrombotic drugs, 

anticoagulants, other drugs) were obtained from medical records. Patients were then 

classified into two groups based on the presentation of the disease at onset: hemorrhagic 

or cognitive. Patients who presented with a transient focal neurological episode as first 

symptom were excluded because they could not be assigned to either of the two main 

study groups (n=4). Finally, a total of 61 patients (31 with hemorrhagic onset of CAA 

and 30 with cognitive onset) were included in this study. 
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Figure 4 Flowchart illustrating the selection of the study participants. Study participants were selected 

from a larger study cohort (N=90), recruited at a Memory Clinic and a Stroke Unit. Twenty-five 

participants did not meet the MRI investigation criteria designed for the present study protocol; 4 

participants presented with  amyloid spells onset and were thus excluded. 

 

2.2.2 Biomarkers 

Neuroimaging 

For the purposes of this study, we analyzed: 2D T2*-weighted GRE to evaluate lobar 

hemorrhages, CMBs, and cSS; 3D T2-weighted FLAIR to evaluate WMHs and cortical 

microinfarcts; 2D T2-weighted TSE to evaluate EPVS; and 3D T1-weighted MPRAGE 

to evaluate brain atrophy. Image sequences were acquired using a 3T Magnetom Skyra 

scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel receive head coil 

(n=28) or a 1.5T Philips scanner (Philips Gyroscan, Koninklijke, The Netherlands) with 

a 20-channel head coil (n=33). Visual atrophy scales were applied by an expert rater 

with more than two years’ experience in visual atrophy rating. All scores were 

formulated prior to the analyses, and blinded to all clinical data and medical history. 

Cerebral microbleeds were scored in line with the STRIVE (STandards for ReportIng 

Vascular changes on nEuroimaging) recommendations [51]. Lobar CMBs (presence and 

number) were evaluated on axial T2*-GRE images using current consensus criteria [35] 

and categorized by number and location according to the Microbleed Anatomical Rating 

Scale [52]. Number of CMBs was categorized as: 0 to 3; 4 to 10; and more than 10 
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CMBs, while location of CMBs was evaluated considering the following sites: frontal 

lobe, temporal lobe, parietal lobe, occipital lobe, insular lobe, and infratentorial regions. 

Cortical superficial siderosis was evaluated on axial T2*-GRE sequences and number of 

cSS was categorized as: 0; 1; and more than 1 cSS. cSS were also scored using the 

multifocality rating scale [53], which scores each hemisphere (right-left) separately: 0 

denotes no cSS; 1 denotes one sulcus or up to three immediately adjacent sulci with cSS; 

and 2 denotes two or more non-adjacent sulci or more than three adjacent sulci with cSS. 

The total cSS multifocality score is calculated by adding the right and left hemisphere 

scores (range 0-4).  

Total white matter hyperintensities were assessed using the four-point Fazekas scale 

[54], according to which the degree of white matter changes on axial T2-weighted 

FLAIR images was rated as: grade 0, indicating  no or occasional punctate white matter 

changes; grade 1, multiple punctate white matter changes; grade 2, incipient confluence 

or bridging of punctate changes; grade 3, confluent white matter changes.  

Enlarged perivascular spaces in the centrum semiovale (CSO-PVS) and in the basal 

ganglia (BG-PVS) were evaluated on axial T2-weighted and FLAIR sequences using a 

single predefined slice (the first slice above the anterior commissure for the basal 

ganglia, and the first slice above the level of the lateral ventricles for the centrum 

semiovale). 

Cortical microinfarcts were detected in FLAIR sequences. 

Medial temporal lobe atrophy (MTA), posterior atrophy (PA), and global cortical 

atrophy-frontal (GCA-F) scales were applied on 3D T1-weighted MR images in both 

hemispheres, according to the original descriptions [55–57]. The MTA scale assesses 

the width of the choroid fissure and the temporal horn, as well as the height of the 

hippocampus; the PA scale assesses the width of the posterior cingulate and parieto-

occipital sulci, and atrophy of the parietal lobe and precuneus; and the GCA-F scale 

evaluates the severity of frontal lobe atrophy.  

CSF and neuropsychological assessment 

Twenty participants underwent a lumbar puncture at the level of the L3/L4 or L4/L5 

intervertebral space, performed in accordance with our Institute’s standard protocol for 

patients with cognitive disorders. CSF samples were centrifuged for 10 min at 1,800 g 

at 4°C within 3 h of collection. The samples were then divided into aliquots of 0.5 ml 
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and stored in polypropylene tubes at −80°C. Measurement of CSF levels of Aβ42, t-tau, 

and p-tau was performed using chemiluminescence enzyme immunoassay (Lumipulse 

G600II, Fujirebio); measurement of Aβ40 was performed in only seven subjects, due to 

the relatively recent introduction of this assay in our laboratory. Biomarker profile was 

considered suggestive of AD pathology if Aβ42 < 599 pg/ml, t-tau > 404 pg/ml, p-tau > 

56.5 pg/ml, Aβ42/t-tau < 1.27, Aβ42/p-tau < 8.10, and Aβ42/Aβ40 < 0.069 [58,59]. 

Of the 61 CAA patients, 33 underwent a neuropsychological battery assessment. With 

the exception of one patient who was evaluated seven months before undergoing MRI, 

all the members of the cognitive onset CAA group underwent the neuropsychological 

assessment within four months of the MRI investigation. The neuropsychological 

battery included tests evaluating global cognitive efficiency (Mini-Mental State 

Examination, MMSE), memory (Verbal Span, Digit Span, Corsi Test, 15-Item Memory 

Test, Story Recall Test, Rey Complex Figure delayed recall), logical and executive 

functioning (Raven’s Colored Matrices, Frontal Assessment Battery), attention (Trail 

Making Test A/B, Attentive Matrices, Stroop Test), language (Semantic and Phonemic 

fluency tests), and visuospatial perception (Rey Complex Figure copy). These 

examinations were performed by two experienced neuropsychologists. 

 

2.2.3 Statistical analyses 

Demographic and clinical characteristics and MRI markers were compared between the 

groups using the Kruskal–Wallis rank sum test for continuous variables and Pearson’s 

Chi-squared tests for categorical variables, as appropriate. The Bonferroni correction 

was used to control for multiple comparisons in post-hoc analyses. The association 

between cognitive onset of CAA and all MRI markers was first assessed in separate 

univariate logistic regression models, after which a multivariate logistic regression 

model with backward stepwise selection of variables adjusted for age and sex was 

performed. To evaluate the relationship between location of CMBs and cognitive status, 

we performed a multivariate linear regression model adjusted for age and sex in the 

whole CAA study population and in the two groups (cognitive or hemorrhagic onset). 

Statistical computations were performed using R v. 3.5.3 (The R Foundation for 

Statistical Computing). Two-sided p-values <0.05 were considered to indicate 
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significance. Since the sample size was moderate, the p-values close to the threshold 

and in any case less than 0.1 was reported. 

 

2.1 Results 

2.1.1 Patient’s characteristics 

Table 4 lists demographic and clinical characteristics of the 61 eligible CAA patients, 

who were equally distributed between the two types of clinical presentation: 31/61 

(50.8%) CAA presented with intracerebral hemorrhage at onset (age at onset 69.7 years; 

42% females), and 30/61 (49.2%) with cognitive decline (age at onset 73.9 years; 53% 

females). The two study groups did not differ in terms of demographic characteristics, 

cerebrovascular risk factors or antiplatelet/anticoagulant medication consumption. 

Applying the modified Boston criteria [32], 14 patients were diagnosed with possible 

CAA and 47 with probable CAA. Within the cognitive onset group, 4/30 (13.3%) 

patients received a diagnosis of possible CAA and 26/30 (86.7%) of probable CAA, 

while in the hemorrhagic onset group, 10/31 (32.3%) patients were diagnosed with 

possible CAA and 21/31 (67.7%) with probable CAA. 

 

Table 4, Demographic and clinical characteristics of study subjects according to the clinical presentation 

at onset (cognitive vs hemorrhagic). 

 Cognitive onset 

(n=30) 

Hemorrhagic onset  

(n=31) 

p value 

Age at onset, mean±sd, y 73.9±8.6 69.7±11 0.15 

Female, N. (%) 16 (53) 13 (42) 0.53 

MMSE, mean±sd 19.5±6.2 24.3±4.5 0.32 

Medical History 

Dyslipidemia, N. (%) 16 (53) 16 (52) 1 

Hypertension, N. (%) 16 (53) 22 (71) 0.25 

Diabetes mellitus, N. (%) 3 (10) 4 (13) 1 

Smoking, N. (%) 11 (37) 10 (32) 0.92 

Alcohol, N. (%) 10 (33) 11 (36) 1 
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Medications 

Warfarin, N. (%) 1 (3) 2 (7) 1 

Aspirin, N. (%) 9 (30) 7 (23) 0.71 

Statin, N. (%) 7 (23) 8 (26) 1 

 

Kruskal–Wallis rank sum test and Pearson’s Chi-squared tests  

 

2.1.2 Associations of MRI markers 

Association of MRI markers with cognitive onset CAA 

The patients with cognitive onset CAA displayed a higher total amount of CMBs 

compared with those showing a hemorrhagic onset (p=0.000483). As regards location, 

only CMBs in the temporal and insular lobes were significantly more represented in the 

cognitive onset group (p=0.01505 and p=0.002001, respectively). The burden of WMHs 

was also greater in the patients with cognitive onset (p=0.01163) (Table 5). The 

univariate logistic regression analysis confirmed these associations and also showed a 

trend toward significance with MTA (p=0.0609) (Table 6). In a multivariate logistic 

regression model after adjustment for age and sex, the amount of CMBs was 

independently associated with cognitive disease onset (p=0.0282). 

 

Table 5, MRI markers of small vessel disease and cortical atrophy in CAA patients with cognitive vs 

hemorrhagic onset. 

 Cognitive onset 

(n=30) 

Hemorrhagic onset 

(n=31) 

p value 

CMBs, N. (%) 

 0 

 1 

 2 

 

3 (10) 

10 (33) 

17 (57) 

 

17 (55) 

8 (26) 

6 (19) 

 

0.000483 *** 

Frontal CMBs, N. (%) 23 (77) 16 (52) 0.07664 

Temporal CMBs, N. (%) 20 (67) 10 (32) 0.01505 * 

Insular CMBs, N. (%) 16 (53) 4 (13) 0.002001 ** 
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Parietal CMBs, N. (%) 23 (77) 18 (58) 0.2025 

Occipital CMBs, N. (%) 25 (83) 19 (61) 0.1022 

Infratentorial CMBs, N. (%) 14 (47) 9 (29) 0.2475 

cSS, N. (%) 

 0 

 1 

 2 

 

14 (47) 

16 (53) 

0 

 

19 (63) 

11 (37) 

0 

 

0.2634 

cSS multifocality, N. (%) 

 0 

 1 

 2 

 3 

 4 

 

17 (57) 

2 (7) 

5 (17) 

3 (10) 

3 (10) 

 

19 (63) 

5 (17) 

3 (10) 

3 (10) 

0 

 

0.3179 

WMHs, N. (%) 

 0 

 1 

 2 

 3 

 

0 

5 (17) 

17 (57) 

8 (27) 

 

5 (16) 

12 (39) 

10 (32) 

4 (13) 

 

 

0.01163 * 

 

CSO-PVS, N. (%) 23 (77) 20 (67) 0.4226 

BG-PVS, N. (%) 30 (100) 28 (93) 0.2173 

Cortical microinfarcts, N. (%) 4 (16) 4 (16) 0.9634 

MTA, N. (%) 

 0 

 1 

 2 

 3 

 4 

 

3 (10) 

15 (50) 

9 (30) 

1 (3) 

2 (7) 

 

6 (20) 

19 (61) 

5 (16) 

1 (3) 

0 

 

0.3311 

GCA-F, N. (%)    
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 0 

 1 

 2 

 3 

0 

17 (57) 

12 (40) 

1 (3) 

3 (10) 

18 (58) 

10 (32) 

0 

0.2412 

PA, N. (%) 

 0 

 1 

 2 

 3 

 

3 (10) 

9 (30) 

15 (50) 

3 (10) 

 

5 (16) 

7 (23) 

17 (55) 

2 (6) 

 

0.787 

 

BG-PVS, basal ganglia perivascular spaces; CMBs, cerebral microbleeds; CSO-PVS, centrum semiovale 

perivascular spaces; cSS, cortical superficial siderosis; GCA-F, global cortical atrophy-frontal; MTA, 

medial temporal lobe atrophy; PA, posterior atrophy; WMHs, white matter hyperintensities. * p < 0.05; 

** p < 0.01; *** p < 0.001 Pearson’s Chi-squared tests  

 

Table 6, Association of MRI markers and CAA with cognitive onset. 

 

 

 

Estimate 

 

p value 

Univariate logistic regression 

CMBs -1.3415 0.00038 *** 

Temporal CMBs -1.4351 0.00852 ** 

Insular CMBs -2.0431 0.00164 ** 

WMHs -1.0611  0.00409 ** 

MTA -0.6479 0.0609 

Multivariate logistic regression 

CMBs 1vs0 -1.52059 0.0648  

CMBs 2vs1 -2.21080 0.0282* 

 



25 
 

CMBs, cerebral microbleeds; MTA, medial temporal lobe atrophy; WMHs, white matter hyperintensities. 

CMBs classes: 0 = 0 to 3 CMBs, 1 = 4 to 10 CMBs; 2 = more than 10 CMBs) * p < 0.05; ** p < 0.01; 

*** p < 0.001. The multivariate-stepwise logistic regression analysis was adjusted for age and sex 

 

Association of MRI markers with MMSE score 

In a multivariate linear regression model after adjustment for age and sex, cognitive 

impairment, as measured using the MMSE, was associated with CMBs in the insular 

lobe in the whole CAA population and with CMBs in the temporal lobe in the cognitive 

onset group (p=0.02555 and p=0.0206, respectively), and with CMBs in the occipital 

lobe in the hemorrhagic onset group (p=0.04782) (Table 7). 

 

Table 7, Association of lobar CMBs location and cognitive status measured with MMSE score in the 

whole CAA study population and in the two groups of cognitive and hemorrhagic onset. 

 

 

Whole CAA population Cognitive onset Hemorrhagic onset 

 

Estimate 

 

p value 

 

Estimate 

 

p value 

 

Estimate 

 

p value 

Frontal CMBs 6.25241 0.07567 1.1959 0.8448 3.59568 0.17646 

Temporal CMBs -6.01437 0.07488 -12.5249 0.0206* -1.14513 0.49245 

Insular CMBs  -5.57438 0.02555* -1.8566 0.61 -1.35885 0.371 

Parietal CMBs  -2.17174 0.60827 3.6592 0.5852 NA NA 

Occipital CMBs  3.08786 0.39389 6.2761 0.2492 -6 0.04782* 

Infratentorial CMBs  5.69729 0.00607** 6.7413 0.0275* 0.55343 0.62342 

 

CMBs, cerebral microbleeds; NA, not available, because the variable Parietal CMBs is strongly 

associated with the others, in particular with temporal and infratentorial CMBs (p < 0.005). * p < 0.05. 

The multivariate linear regression analysis was adjusted for age and sex 

 

Association of MRI markers with CSF profile in cognitive onset CAA 

Within the cognitive onset group, 16/30 patients underwent lumbar puncture. 

Interestingly, all patients showed indirect signs of cerebral amyloidosis, in terms of 

reduced values of CSF Aβ42 (14/16 patients) or borderline values of CSF Aβ42 

together with altered Aβ42/p-tau and Aβ42/tau ratios (2/16 patients). Overall, 12 of the 
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16 (75%) patients with available CSF analysis showed AD-related tauopathy [60]. The 

presence of CSF AD pathology (amyloidosis and tauopathy) was not associated with 

any of the MRI markers considered. 

 

Association of MRI markers with neuropsychological profile in cognitive onset CAA 

Twenty-three of the 30 patients presenting with cognitive symptoms underwent a 

neuropsychological assessment. Seven of the 23 (30%) were classified as MCI and 16 

(70%) as already having dementia. Overall, 16/23 (70%) patients exhibited a 

multidomain involvement, 4/23 (17%) a dysexecutive profile, and 3/23 (13%) an 

amnestic impairment. The total amount of CMBs did not differ among the 

neuropsychological profiles, whereas parietal lobe CMBs were significantly increased 

in patients with multidomain involvement versus those in the dysexecutive group 

(p=0.0316). Moreover, CMBs in temporal and insular lobes showed a tendency to be 

more expressed in patients with multidomain involvement compared with those in the 

amnestic group (p=0.0506 and p=0.0578, respectively). An increase in the Fazekas 

score was found in patients with multidomain involvement compared with those in the 

amnestic group (p=0.00413), and a trend toward significance was observed in the 

dysexecutive group compared with the amnestic group (p=0.05710) (Table 8). 

 

Table 8, MRI markers of small vessel disease and cortical atrophy in CAA with cognitive onset 

according to neuropsychological profile. 

 Multidomain 

(n=16) 

Dysexecutive 

(n=4) 

Amnestic 

(n=3) 

p value 

CMBs, N. (%) 

 0 

 1 

 2 

 

0 

4 (25) 

12 (75) 

 

1 (25) 

1 (25) 

2 (50) 

 

1 (33) 

1 (33) 

1 (33) 

 

0.2292 

Frontal CMBs, N. (%) 14 (88) 2 (50) 2 (67) 0.2325 

Temporal CMBs, N. (%) 15 (94) 2 (50) 1 (33) 0.02135 * 
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Insular CMBs, N. (%) 11 (69) 2 (50) 0 0.08447 

Parietal CMBsa, N. (%) 16 (100) 2 (50) 2 (67) 0.01572 * 

Occipital CMBs, N. (%) 15 (94) 3 (75) 2 (67) 0.3256 

Infratentorial CMBs, N. (%) 8 (50) 3 (75) 0 0.1378 

cSS, N. (%) 

 0 

 1 

 2 

 

8 (50) 

8 (50) 

0  

 

2 (50) 

2 (50) 

0 

 

0  

3 (100) 

0 

 

0.2653 

cSS multifocality, N. (%) 

 0 

 1 

 2 

 3 

 4 

 

10 (63) 

1 (6) 

2 (13) 

2 (13) 

1 (6) 

 

2 (50) 

1 (25) 

1 (25) 

0 

0 

 

1 (33) 

0 

1 (33) 

0 

1 (33) 

 

0.6216 

 

WMHsb, N. (%) 

 0 

 1 

 2 

 3 

 

0 

1 (6) 

9 (56) 

6 (38) 

 

0 

0 

3 (75) 

1 (25) 

 

0 

3 (100) 

0 

0 

 

0.002077 ** 

CSO-PVS, N. (%) 15 (94) 2 (50) 2 (67) 0.08744 

BG-PVS, N. (%) 16 (100) 4 (100) 3 (100) - 

Cortical microinfarcts, N. (%) 2 (15) 0 0 0.7576 
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MTA, N. (%) 

 0 

 1 

 2 

 3 

 4 

 

3 (19) 

7 (44) 

5 (31) 

0 

1 (6) 

 

0 

2 (50) 

2 (50) 

0 

0 

 

0 

2 (67) 

0 

1 (33) 

0 

 

0.2568 

 

GCA-F, N. (%) 

 0 

 1 

 2 

 3 

 

0 

10 (63) 

5 (31) 

1 (6) 

 

0 

3 (75) 

1 (25) 

0 

 

0 

2 (67) 

1 (33) 

0 

 

0.9668 

PA, N. (%) 

 0 

 1 

 2 

 3 

 

1 (6) 

6 (38) 

7 (44) 

2 (15) 

 

1 (25) 

0 

3 (75) 

0 

 

0 

1 (33) 

1 (33) 

1 (33) 

 

0.4987 

 

 

BG-PVS, basal ganglia perivascular spaces; CMBs, cerebral microbleeds; CSO-PVS, centrum semiovale 

perivascular spaces; cSS, cortical superficial siderosis; GCA-F, global cortical atrophy-frontal; MTA, 

medial temporal lobe atrophy; PA, posterior atrophy; WMHs, white matter hyperintensities. * p < 0.05; 

** p < 0.01 Pearson’s Chi-squared tests. Pairwise comparisons: a Parietal CMBs: multidomain > 

dysexecutive (p=0.0316) patients; b WMHs: multidomain > amnestic (p=0.00413) patients 
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Chapter 3: Experimental Study 2 

3.1 Aim 

To describe the natural history and clinical-radiological outcomes following treatment 

for spontaneous CAA-ri. 

 

3.2 Materials and Methods 

3.2.1 Study design and participants 

The study was designed as a multicenter, longitudinal observational study. Patients with 

first ever presentation of CAA-ri, diagnosed by clinical presentation, radiological 

criteria, and/or pathologic findings [24,25] were referred to the University of Milano-

Bicocca within the iCAβ International Network [61] over a four-year period (2013 to 

2017) (Figure 5). The initiative involved 35 neurology clinic hospitals, including the C. 

Mondino National Neurological Institute in Pavia, Italy. All patients were recruited 

from Neurology inpatients clinic wards. A predefined individual case-report form (CRF) 

for demographic, pathologic, clinical and medication history, clinical features, MRI 

images, exposure to immunosuppressive therapy, and clinical and radiological outcomes 

at follow-up has been systematically provided at time of each visit. The baseline CRF 

was provided at first-ever disease presentation and follow-up CRFs and MRI images 

were provided at each predefined visit at 3, 6, 12, 24-months and then annually. If 

multiple visits or MRI scans were performed for any clinical or therapeutic need, in 

addition to those suggested by the protocol, only the closest to the predefined time point 

was considered for the analyses. The patient inclusion criteria were: (1) available 

complete CRFs, (2) available adequate MRI images, and (3) at least one follow-up visit 

(including complete CRF and MRI images). Of the 150 consecutive patients, 11 did not 

meet diagnostic criteria for CAA-ri after centralized review (non-inflammatory CAA or 

other diseases) and 26 had no follow-up data; thus, 113 participants were eligible for the 

study. Diagnostic criteria for CAA-ri were centrally used by two expert neurologists to 

assign the diagnosis of 1) definitive (biopsy-proven), 2) probable (mono/multifocal, 

asymmetric, and bilateral WMH lesions suggestive of parenchymal VE and/or sulcal 

effusion, with or without leptomeningeal enhancement) or 3) possible (unilateral WMH 

lesions) CAA-ri.  
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Outcomes included survival, clinical and radiological recovery and CAA-ri relapse. 

Overall survival was defined as the time elapsed from the date of CAA-ri diagnosis to 

the date of death or last follow-up. Relapse-free survival was defined as the time 

elapsed from the date of ascertained clinical recovery to the date of the first subsequent 

clinical and radiological relapse, death or last follow-up available. Clinical recovery was 

defined as the stable recovery to neurological condition pre-existing to the acute 

inflammatory event, or the persistence of only the neurological deficits directly 

attributable to the brain vascular injury event (i.e. ICH), in the absence of new or 

worsened MRI findings. Given the lack of therapeutic recommendations, the choice of 

treatment was decided on a case-by-case basis by patients and their physicians. 

Radiological recovery was defined as the full resolution of the acute inflammatory 

WMH lesions suggestive of VE. Relapse of CAA-ri was defined as the presence of 

new-onset symptoms associated with MRI signs consistent with a new manifestation of 

CAA-ri, and only in participants with ascertained clinical and radiological recovery of 

the first presentation of the disease. A radiological progression without new symptoms 

was defined as an incomplete recovery. 

 

 

 

Figure 5 Flowchart illustrating the selection of the study participants. Study participants were selected 

from a larger study cohort (N=150), prospectively recruited at neurology clinic hospitals. Eleven 

participants did not meet diagnostic criteria for CAA-ri (non-inflammatory CAA or other diseases); 26 

presented no follow-up data and were thus excluded. 
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3.2.2 Biomarkers 

Neuroimaging 

For the purposes of the study, the following MRI sequences were required: T1-weighted, 

GRE-T2*, fluid-suppressed T2-weighted (FLAIR). Additional MRI sequences were 

suggested: susceptibility-weighted imaging (SWI), T1 post-gadolinium sequences. All 

MRIs were acquired on 1.5-T imaging systems, according to routine clinical acquisition 

parameters used at each Centre. Visual reading of MRI images was centrally assessed 

by a trained neuroradiologist blinded to all clinical data and medical history. 

MRI inflammatory manifestations were identified on the basis of patchy or confluent 

cortico-subcortical or deep WMH lesions suggestive of VE on FLAIR, with or without 

mass effect and with or without leptomeningeal involvement on T1 post-gadolinium 

sequences where available. 

MRI CAA-related bleeding manifestations were based on acute brain MRI findings 

defined as presence of ≥1 of the following cortico-subcortical hemorrhagic lesions: 

CMBs (manual count), cSS (presence/absence), and ICH on T1-weighted and GRE-T2*.  

 

3.2.3 Statistical analyses 

Comparisons were obtained by using χ2 test or ANOVA for categorical and continuous 

variables, respectively. Overall survival and cumulative incidence/survival probability 

for clinical recovery, radiological recovery, and ICH were estimated using the Kaplan-

Meier method. Concerning the analysis for clinical recovery, radiological recovery, and 

ICH, when the death event was observed in the absence of a previous event, the time to 

clinical recovery (or radiological recovery, and ICH) was considered censored at death 

time. Relapse-free survival was estimated from a 3-months landmark by the Simon-

Makuch method in order to include the delayed entry of patients with clinical recovery 

over the entire follow-up. Analyses were performed using STATA 16. 

 

3.3 Results 

3.3.1 Patient’s characteristics 

Table 9 lists demographic and clinical characteristics at presentation of the 113 eligible 

patients with first ever diagnosis of CAA-ri. Twelve patients had a definite diagnosis of 

CAA-ri (10.6%), 81 probable (71.7%), and 20 possible (17.7%). The mean age of onset 
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was 72.9 years, 28.3% were less than seventy years, 43.4% were females. Previous 

history of MCI or AD dementia, and the radiological evidence of past ICH was 36.3% 

and 33.6%, respectively. The most frequent symptoms at presentation were cognitive or 

behavioral changes (71.7%) and focal neurological deficits (57.5%), followed by 

seizures (34.5%) and headache (22.1%). On MRI, 60.1% of patients had more than 10 

CMBs, 47.8% had CMBs plus cSS, whereas 2.7% had only cSS. Positive gadolinium 

contrast-enhanced MRI was observed in 63.4% (see explanatory Figure 6). 

The mean number of cases per center was 3, ranging from 1 to 16. Median follow-up 

time was 12 months. Overall follow-up at each time point was 100% at 3 months, 90.3% 

at 6 months, 69.9% at 12 months, and 29.2% at 24 months.  

 

Table 9, Demographic and clinical characteristics at presentation of study subjects with diagnosis of 

CAA-ri. 

  Definite CAA-ri Probable CAA-ri Possible CAA-ri Total 

N. (%) of patients 12 (10.6) 81 (71.7) 20 (17.7) 113 (100) 

Female, N. (%)  4 (33.3) 35 (43.2) 10 (50.0) 49 (43.4) 

Age at onset, mean 

(SD), y 

70.9 (7.0) 73.9 (6.3) 70.2 (10.0) 72.9 (7.2) 

< 70 y, N. (%)  4 (33.3) 18 (22.2) 10 (50.0) 32 (28.3) 

History of N. (%) 

MCI or AD dementia 0 (0.0) 35 (43.2) 6 (30.0) 41 (36.3) 

ICH 2 (16.7) 31 (38.3) 5 (25.0) 38 (33.6) 

Symptoms onset, N. (%) 

Cognitive/Behavioral 

Changes 

11 (91.7) 59 (72.8) 11 (55.0) 81 (71.7) 

Focal Deficits 6 (50.0) 50 (61.7) 9 (45.0) 65 (57.5) 

Seizures 2 (16.7) 29 (35.8) 8 (40.0) 39 (34.5) 

Headache 5 (41.7) 16 (19.8) 4 (20.0) 25 (22.1) 

Only 1 symptom 4 (33.3) 28 (34.6) 10 (50.0) 42 (37.2) 

CMBs count, N. (%) 
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None 1 (8,3) 2 (2,5) - 3 (2.7) 

1 - 7 (8.6) 1 (5.0) 8 (7.1) 

2 - 4 1 (8.3) 4 (5,0) 5 (25.0) 10 (8.9) 

5 - 10 4 (33.3) 18 (22.2) 2 (10.0) 24 (21.2) 

>10 6 (50.0) 50 (61.7) 12 (60.0) 68 (60.1) 

cSS, N. (%) 4 (33.3) 46 (56.8) 7 (35.0) 57 (50.4) 

cSS+CMBs N. (%) 3 (25.0) 44 (54.3) 7 (35.0) 54 (47.8) 

Gd contrast-enhanced 

MRI, N. (%)  

7/9 (77.8) 46/69 (66.7) 6/15 (40.0) 59/93 (63.4) 

 

AD, Alzheimer’s disease; MCI, Mild Cognitive Impairment; ICH, Intracerebral hemorrhage; CMBs, 

cerebral microbleeds; cSS, cortical superficial siderosis; Gd, gadolinium. 

 

 

 

Figure 6 MRI features at the time of CAA-ri presentation. Prevalent posterior cortico-subcortical FLAIR 

hyperintensities (A, B). Posterior leptomeningeal enhancement post Gadolinium T1 image (C). Multiple 

cortical predominant microbleeds and superficial siderosis on GRE (D, E) and SWI (F) sequences. 
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3.3.2 Outcomes Evaluation at Follow-up 

Survival  

Overall survival and incidence probability of death are reported in Table 10. Thirteen 

patients died during follow-up: ICH (n=7), bronchopneumonia (n=3), cancer (n=1), 

status epilepticus (n=1), and unknown (n=1).  

 

Table 10, Cumulative incidence probabilities of outcomes at 3, 6, 12, and 24-month follow-up in patients 

with diagnosis of CAA-ri. 

 Incidence Probability, % (95% CI) 

Time 

point, mo 

Death Relapse Clinical     

Recovery 

Radiological 

Recovery 

ICH 

Development 

3 3.5 (1.3 - 9.2) Landmark 70.3 (61.6 - 

78.5) 

45.1 (36.4 - 

54.8) 

7.1 (3.6 - 13.8) 

6 5.5 (2.5 - 11.8) 6.9 (2.9 - 15.8) 80.2 (72.2 - 

87.1) 

59.3 (50.1 - 

68.7) 

9.2 (5.0 - 16.4) 

12 11 (6.2 - 19.0) 16.2 (9.3 - 27.6) 84.1 (76.2 - 

90.6) 

77.4 (67.7 - 

85.9) 

11.9 (6.9 - 

10.3) 

24 18.6 (9.7 - 33.9) 38.3 (22.9 - 59.2) 84.1 (76.2 - 

90.6) 

77.4 (67.7 - 

85.9) 

17.1 (8.5 - 

32.7) 

 

ICH, Intracerebral hemorrhage. Cumulative incidence probability calculated from the beginning of the 

follow-up for death, clinical recovery, radiological recovery, and development of new ICH, by the 

Kaplan-Meier method. Cumulative incidence probability of relapse calculated from a 3-month landmark 

by the Simon-Makuch method in order to include the delayed entry of patients with clinical recovery over 

time. Clinical relapse defined as new-onset symptoms associated with new or worsening MRI findings at 

follow-up consistent with CAA-ri in participants with previously ascertained clinical recovery. In the case 

of multiple relapses, only the first relapse was considered. 
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Clinical and radiological recovery 

The cumulative incidence probability of clinical and radiological recovery at 3, 6, 12, 

and 24-month follow-up is reported in Table 10.  

The majority of patients showed a rapid clinical recovery within three months (70.3%; 

95% CI, 61.6-78.5), with a further increase to 80.2% (95% CI, 72.2-87.1) and 84.1% 

(95% CI, 76.2-90.6) from three to six and from six to twelve months, respectively. The 

observed rate of radiological recovery was slightly slower compared to clinical recovery 

(45.1% vs 70.3% at three months; 59.3% vs 80.2% at six months follow-up). After one 

year, the cumulative incidence probabilities of radiological and clinical recovery were 

almost equal (77.4% and 84.1%, respectively). Figure 7 is indicative for a radiological 

recovery, while Figure 8 shows an incomplete radiological recovery. 

 

 

 

Figure 7 Relapse of CAA-ri with typical MRI evidence of white matter abnormalities on FLAIR 

sequences after steroid discontinuation (A, B), with radiological recovery after cyclophosphamide (C, D). 
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Figure 8 First presentation of CAA-ri with MRI evidence of white matter abnormalities on FLAIR 

sequences (A, B), with incomplete radiological recovery despite prolonged steroid treatment (C, D). 

 

ICH 

The observed incidence of acute ICH at follow-up are reported in Table 10. Overall, 

new ICH occurred in 13 patients, 8 of them (7.1%; 95% CI, 3.6-13.8) within the first 

three months. 

 

Relapse and relapse-free survival 

The observed probability of relapse was 6.9% (95% CI, 2.9-15.8) within six months, 

16.2% (95% CI, 9.3-27.6) within twelve months, and 38.3% (95% CI, 22.9-59.2) within 

two years from the ascertained recovery of the first-ever presentation (Table 10). After 3 

months from diagnosis (predefined landmark for recovery), fifteen of the 90 patients 

(16.7%) with clinical and radiological recovery had at least one CAA-ri relapse at 

follow-up.  
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Discussion  

It is becoming increasingly evident that CAA is not a uniform, but rather a complex and 

very heterogeneous entity that can follow several different pathways [5]. Specific 

clinical phenotypes and imaging heterogeneity of the disease might be reflecting distinct 

neuropathological subtypes or patterns of cerebrovascular amyloid deposition and 

activation of diverging pathophysiological cascades [5]. Here we have explored the 

main clinical manifestations of the sporadic CAA. First, we focused on the disease onset, 

as a model to characterize the initial neuroradiological changes before the progression 

of the disease causes the diffuse and overlapping typical changes seen on MRI, focusing 

on the hemorrhagic and cognitive onset variant. Then, we explored the natural history, 

that is clinical and radiological episodes, of the emerging and increasingly recognized 

inflammatory variant. 

In the first part of the study, in a clinically symptomatic cohort of patients with sporadic 

CAA, a higher burden of small vessel disease was detectable on brain MRI in CAA 

subjects with cognitive as opposed to hemorrhagic onset. Cognitive onset of CAA was 

indeed associated with an increased burden of WMHs and CMBs, and especially with 

the presence of CMBs in temporal and insular lobes. Our results expand the evidence 

that cognitive manifestation in CAA is associated with small vessel disease ischemic 

lesions and shed light to the still discussed role of the hemorrhagic alterations.    

The association between cognitive onset CAA and WMHs is supported by previous 

solid evidence of a link between the presence of cognitive deficits and WMHs, both in 

the general population [40] and in CAA patients [44]. In CAA, vascular amyloid 

deposition, leading to loss of normal blood supply and ischemia, is a well-established 

contributor to white matter injury, while the contribution of degenerative mechanisms is 

still debated [62]. Nevertheless, the higher prevalence of WMHs in CAA with cognitive 

onset seems to suggest that these patients come to medical attention at a later stage of 

the disease. Furthermore, there is the possibility that the small vessel disease acts 

synergistically with an underlying neurodegenerative process in lowering the threshold 

for clinical cognitive manifestations. 

CAA patients with cognitive onset displayed a higher total amount of lobar CMBs 

compared with the hemorrhagic onset group. The clinical significance of CMBs is still 

debated, some attributing to them a role as independent predictors, and others as 
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mediators of WMHs in the relationship between CMBs and cognition [40]. When 

CMBs are categorized as lobar, deep, and mixed, however, most of the evidence 

suggests a greater contribution to cognitive deficits of lobar versus deep ones [41,63–

67]. As the pathogenesis of lobar CMBs commonly involves vessel wall damage due to 

CAA, also in the general population, in this study only lobar CMBs were considered. 

The effect of CMBs on cognition may be related directly to focal damage or to 

dysfunction of adjacent brain tissues;  alternatively, CMBs may be a more general 

marker of severity of small vessel pathology [68]. An interesting finding of this study is 

the higher prevalence of CMBs in temporal and insular lobes in CAA with cognitive 

onset, supported by previous evidence that the relationship between lobar CMBs and 

poor cognitive performance was driven mainly by CMBs located in the temporal lobe 

[41]. It was suggested that the relationship between temporal CMBs and cognitive 

impairment could be explained, at least in part, by the higher number of CMBs in this 

lobe compared with other lobes found in a population-based setting [66]. In this CAA 

cohort this finding was not replicated; in addition, the severity of cognitive impairment, 

measured using the MMSE, was associated with CMBs in the insular and temporal 

lobes in the whole population and in the cognitive onset group respectively, but not in 

the patients with hemorrhagic onset.  

To further investigate this finding, we analyzed small vessel disease markers according 

to CSF and neuropsychological profile. These analyses were conducted only within the 

cognitive onset group due to the lack of data availability in the hemorrhagic onset 

patients. In the cognitive onset group, all the patients showed indirect signs of cerebral 

amyloidosis, i.e., reduced values of CSF Aβ42 or altered Aβ42/p-tau and Aβ42/tau 

ratios, supported by previous evidence of an overlap between CAA and AD on CSF 

investigation [50]. In addition, CSF AD pathology, defined by decreased CSF Aβ42 

together with increased tau or p-tau levels [60], was present in 75% of the cognitive 

onset cases, reinforcing the combined role of both CAA-mediated cerebrovascular and 

neurodegenerative alterations in the genesis of cognitive impairment. 

Neurodegeneration measured with tau-PET showed elevated uptake in AD regions in 

nearly half of a CAA-MCI cohort [69]; a lower percentage compared to the result of this 

study measured with CSF investigation, likely due to the prevalence of demented (70%) 

as opposed to MCI (30%) patients. The presence of CSF AD pathology was not 
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associated with any of the MRI markers considered, but this finding needs to be further 

investigated in a larger population taking advantage of different quantitative MRI 

markers. 

In the cognitive onset group, neuropsychological assessment showed a prevalence of 

multidomain involvement (70%), followed by dysexecutive (17%) and amnestic (13%) 

patterns. Cognitive profile in CAA was originally attributed to dysexecutive impairment 

in non-demented patients [44,70]. Conversely, more than half of a CAA-MCI cohort 

showed an amnestic profile [69]. The multidomain involvement was prevalent in our 

cohort, likely due to the prevalence of overt dementia over MCI. Subjects with 

multidomain involvement displayed a greater burden of small vessel disease on MRI, in 

the form of WMHs and CMBs in the parietal lobe. Previously, unlike hippocampal 

volume and tau-PET binding, MRI markers of small vessel disease were not found to 

contribute to the presence of an amnestic versus non-amnestic profile in CAA-MCI 

subjects [69]. It is thus possible that when considering multidomain and more advanced 

cognitive profiles, the contribution of small vessel disease increases. The results of this 

study confirm the significant contribution of WMHs to cognitive impairment and 

reinforce the hypothesis that lobar location of CMBs may play a role. 

The originality of this study consists in the subdivision of patients based on their CAA 

clinical onset. The main limitation, in turn, is the retrospective design, which limited the 

data availability on CSF and neuropsychological examinations. Moreover, CSF Aβ40 

values were available only in a small number of patients, making it impossible to 

speculate reliably on this important biomarker. A further limitation is the inclusion of 

patients with possible CAA diagnosis, for which little MRI - pathological correlation 

has been performed [29]. Finally, the use of different MRI scanners (3T and 1.5T) is 

known to influence the detection of CMBs; in our case, however, CMB count was 

divided into categories to minimize the influence of single counts on the results.  

The second part of the study, which included a longitudinal cohort of patients with a 

first diagnosis of CAA-ri, highlights the acute and transient, but potentially relapsing, 

inflammatory nature of the disease. The rate of radiological recovery was slightly 

slower compared to clinical recovery and at least one relapse occurred in 16.7% of the 

patients. These results suggest that spontaneous CAA-ri might be part of a broad 
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spectrum of Aβ-driven inflammatory processes, not only related to the use anti-Aβ 

antibodies administered for therapeutic purposes. 

Most of the patients included in the study had some clinical manifestations of CAA, 

before CAA-ri presentation. A previous diagnosis of MCI/AD and ICH was present in 

36% and 34%, respectively, to reflect the increased awareness on the clinical and 

radiological manifestations of spontaneous CAA-ri in the general neurology clinic 

setting and not only as ARIA-like events in AD clinical trials [71]. Although CAA-ri 

has been formerly reported as a severe presentation characterized by multiple clinical 

symptoms, it is noteworthy that 37% of this cohort presented with an isolated clinical 

manifestation. This raises the question of the under-recognition of CAA-ri episodes in 

the general population and in subjects with a previous history of MCI/AD or ICH at 

high risk for CAA-ri, particularly for very mild CAA-ri presentations that may be 

missed if not adequately investigated [72]. 

This cohort confirms the transient nature of the disease, with 70% and 80% of clinical 

recovery within 3 and 6 months, respectively, with a slightly slower rate of radiological 

recovery, that is 45% and 59% within 3 and 6 months, respectively. Therefore, it seems 

reasonable to base the therapeutic approach on the clinical picture rather than on the 

merely radiological presentation. A relatively small probability of early relapses was 

observed within 3 months; nevertheless the 38% of recurrences within 24 months 

highlights the importance to maintain a close follow-up in these patients, not to 

underestimate new neurological symptoms, and probably not to discontinue the 

immunomodulatory drugs too early [71]. 

The strengths of the study consist in the longitudinal and pre-defined protocol, with a 

central MRI reading. The main limitation consists in the lack of validated clinical-

radiological guidelines. This could have influenced treatment decisions and 

interpretations of outcomes. The heterogeneity of patients and the lack of standard 

treatment, make it impossible treatments comparisons. 
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Conclusions 

The results of these studies suggest that clinical and imaging heterogeneity of 

spontaneous CAA might be reflecting distinct phenotypes of the disease. Different 

neuropathological subtypes and patterns of cerebrovascular amyloid deposition have 

been demonstrated, i.e CAA type 2 (primarily haemorrhagic) and CAA type 1 

(primarily expressed as cognitive decline), with many patients showing intermediate 

phenotypes of the disease. Diverging pathophysiological processes present peculiar 

MRI signatures, with WMHs being established associated with the development of 

cognitive decline, while CMBs presence and location needs further investigations to 

depict their role. The close relationship between vascular and plaque Aβ deposition, 

both conditions driven by impaired Aβ clearance, may superimpose a neurodegenerative 

AD-like process that mediates at least in part the cognitive impairment. CAA-ri is 

another probable intersection between CAA and AD, representing an overload of 

perivascular clearance pathways and the inflammatory effects of removing Aβ from 

CAA-positive vessels. 

In conclusion, MRI markers as indirect signs of the underlying pathophysiological 

processes could provide relevant information on the CAA clinical spectrum. CAA-ri is a 

rare but frequently recurrent manifestation of CAA, which needs a prompt clinical-

radiological identification for the potentially reversible condition. 
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