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CAA: clinical aspects and diagnosis

| CatharinaJ.M.Klijn* | Floris H.B.M. Schreuder® |

Abstract

Reported prevalence estimates of sporadic cerebral amyloid angiopathy (CAA) vary
widely. CAA is associated with cognitive dysfunction and intracerebral hemorrhage,
and linked to immunotherapy-related side-effects in Alzheimer’s disease (AD). Given
ongoing efforts to develop AD immunotherapy, accurate estimates of CAA preva-
lence are important. CAA can be diagnosed neuropathologically or during life using
MRI markers including strictly lobar microbleeds. In this meta-analysis of 170 stud-
ies including over 73,000 subjects, we show that in patients with AD, CAA prevalence
based on pathology (48%) is twice that based on presence of strictly lobar cerebral
microbleeds (22%); in the general population this difference is three-fold (23% vs 7%).
Both methods yield similar estimated prevalences of CAA in cognitively normal elderly
(5% to 7%), in patients with intracerebral hemorrhage (19% to 24%), and in patients
with lobar intracerebral hemorrhage (50% to 57%). However, we observed large het-
erogeneity among neuropathology and MRI protocols, which calls for standardized

assessment and reporting of CAA.
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anti-Ag immunotherapy defined by neuroimaging® (eg, ~40% of AD
patients treated with aducanumab develop ARIA®). Patients with CAA
may present with a broad clinical spectrum, including cognitive decline,
lobar ICH, and transient focal neurological episodes (recurrent, stereo-

Cerebral amyloid angiopathy (CAA) is the accumulation of amyloido-
genic proteins, most often amyloid 8 (AB), in cerebral blood vessel
walls,! leading to a weakened vasculature and thereby creating a major
risk for intracerebral hemorrhages (ICH).23 Several types of heredi-
tary disorders exist that result in CAA, caused by missense mutations
within the Ag precursor protein gene.® However, CAA most frequently
occurs sporadically and is observed in cognitively normal elderly, but
also frequently in patients with Alzheimer’s disease (AD).* In patients
with AD, CAA is tightly linked to the development of “amyloid-related

imaging abnormalities (ARIA),” a frequently occurring side-effect of

typed, transient episodes of smoothly spreading paraesthesias, numb-
ness or weakness, lasting typically seconds to minutes, usually resolv-
ing over a similar period).3%” Arare complication of the disease is CAA-
related inflammation, characterized by headache, seizures, behavioral
change, focal neurological signs, impaired consciousness in combina-
tion with asymmetrical hyperintense T2-weighted magnetic resonance
imaging (MRI) lesions, which is treatable with immunotherapy.”

A definite diagnosis of CAA can only be obtained by post mortem
neuropathological assessment of brain tissue. A in blood vessels

can be visualized by staining with Thioflavin or Congo-Red, or by
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immunohistochemistry with antibodies directed against AB. For
the diagnosis of CAA during life, the (modified) Boston criteria have
been developed, which make use of MRI to enable the diagnosis of
“probable” or “possible” CAA.”10 These Boston criteria are based on
two CAA-related imaging markers: strictly lobar cerebral microbleeds
(small brain bleeds restricted to cortical and subcortical regions of
the brain),22~13 and cortical superficial siderosis (deposition of blood
breakdown products in the cortical sulci over the convexity of the cere-
bral hemispheres).!* More recently, positron emission tomography
amyloid tracers have been successfully developed, but their diagnostic
utility has remained limited so far because tracers are not specific
for amyloid deposition in the blood vessels and differentiation from

parenchymal amyloid depositions in AD is difficult.”

1.2 |
lacking

Accurate estimates of CAA prevalence are

Since sporadic CAA is associated with an increased risk for cognitive
dysfunction and ICH, it is important to have an accurate estimation
of the prevalence of CAA, especially in the light of ARIA occurring
as severe immunotherapy-related side-effects due to the presence of
CAA in AD.? Moreover, reported estimates have revealed remarkable
variation in the prevalence of CAA, which likely reflects different popu-
lations under investigation and application of different diagnostic tools
(neuropathology vs MRI). For example, the reported prevalence of neu-
ropathologically diagnosed CAA varies dramatically from 20% to 100%
in AD patients,?>~17 to 0% to 79% in non-demented elderly,’®1? and
16% to 70% in the general elderly population.2%2! Using the approach
of a systematic review and meta-analysis, we have analyzed the lit-
erature for reports on the prevalence of CAA either based on neu-
ropathological or neuroimaging investigations, in order to obtain a bet-
ter insight into the possible impact of CAA on brain health in various
populations.

1.3 | A meta-analysis to provide reliable estimates
of CAA prevalence

We performed a systematic review and meta-analysis to provide
reliable estimates of the prevalence of CAA pathology (Table 1) and
sporadic CAA based on the (modified) Boston criteria (Table 2). We
included 170 studies reporting on 73,000 subjects in five populations:
patients with AD, the general population (a cross-sectional selection
of individuals representing the general elderly society as closely as
possible, also including individuals with known cerebrovascular or neu-
rodegenerative disease), cognitively normal elderly (elderly individuals
free of dementia or cognitive impairment after clinical examination, or
without neurodegenerative changes upon neuropathological exami-
nation, making the presence of cognitive problems unlikely), patients
with ICH (irrespective of its location), and patients with lobar ICH.
For pathology studies, we extracted the severity of CAA, focusing
on moderate-to-severe CAA, but also reporting separately all CAA
(mild-to-severe) and severe CAA. In addition, we separately assessed

the prevalence of the two most important MRI markers of CAA: strictly
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RESEARCH IN CONTEXT

1. Systematic review: Cerebral amyloid angiopathy (CAA)
is an important cause of cognitive impairment and may
also lead to intracerebral hemorrhages. Besides, CAA
is tightly linked to the development of “amyloid-related
imaging abnormalities" (ARIA), a rare and sporadic com-
plication of CAA, that also frequently occurs as a side-
effect of anti-amyloid 8 immunotherapy in Alzheimer’s
disease (AD) patients. Knowledge of the prevalence of
CAAisimportant to understand the risk of each individual
to develop clinical symptoms due to CAA and to under-
stand the potential risks of developing CAA-related ARIA
in immunotherapy. In this systematic review and meta-
analysis we provide accurate estimates of the prevalence
of CAAiIn AD, inthe general population, in cognitively nor-
mal elderly, and in patients with (lobar) intracerebral hem-
orrhage.

2. Interpretation: Based on neuropathological examination,
the prevalence of moderate-to-severe CAA in AD is 48%
and in the general population 23%. Prevalence of CAA
based on MRI criteria was remarkably lower: 22% in AD
and 7% in the general population. Both methods yielded
similar CAA prevalence in cognitively normal elderly (5%
to 7%), in patients with intracerebral hemorrhage (19%
to 24%), and in patients with lobar intracerebral hemor-
rhage (50% to 57%). There was large heterogeneity in
methodology and criteria for CAA both in neuropathol-
ogy and neuroimaging studies.

3. Future directions: These observations call for develop-
ment of accurate biomarkers to detect CAA during life,
including biomarkers in cerebrospinal fluid or blood. In
addition, future studies should assess MRI biomarkers for
CAA specifically in AD patients. In addition we propose
harmonized and standardized protocols to facilitate uni-
form reporting of CAA, both in neuropathology and neu-

roimaging studies.

lobar cerebral microbleeds and cortical superficial siderosis, which are
both considered “CAA-related imaging markers” (Table 2). Using meta-
analyses to pool data, we found that in AD patients and in the general
population, imaging data underestimated the prevalence of CAA
pathology: in patients with AD, the prevalence of moderate-to-severe
CAA pathology was ~48%, which was double the estimate based on the
presence of strictly lobar cerebral microbleeds (22%). In the general
population, the prevalence of moderate-to-severe CAA pathology was
23%, whereas the prevalence of strictly lobar cerebral microbleeds
was 7%. In contrast, the prevalence of moderate-to-severe CAA based
on pathology and on imaging was similar in other populations: ~5% in
cognitively normal elderly, around 20% to 25% in patients with ICH,
and around 50% to 60% in patients with lobar ICH.
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TABLE 1 Pooled prevalence estimates of CAA pathology
Mean
Studies, n age Prevalence, %
Degree CAA pathology n individuals (years) %female (95% Cl) 12,% (95% Cl) Q(p)
Alzheimer’s disease Mild-to-severe 54 6409 79.8 53.8 79.2(72.5-85.3) 97.1(96.7-97.5) <0.0001
Moderate-to-severe 23 2715 80.6 58.9 47.5(38.8-56.2) 94.1(92.3-95.5) <0.0001
Severe 23 2276 79.9 54.1 23.3(18.2-28.7)  85.5(79.4-89.7)  <0.0001
General population Mild-to-severe 22 11651 83.3 547 41.5(33.1-50.2) 98.7(98.4-98.9) <0.0001
Moderate-to-severe 10 7157 84.9 55.3 23.0(17.3-29.1) 95.8(93.9-97.1) <0.0001
Severe 11 7354 84.3 54.6 6.3(3.4-10.0) 95.7(93.8-97.0)  <0.0001
Cognitively normal Mild-to-severe 38 3003 80.5 47.2 28.9(22.8-35.3) 92.1(90.1-93.7) <0.0001
elderly Moderate-to-severe 16 1095 818 518 64(32-105)  77.9(645-862) <0.0001
Severe 21 1797 80.8 46.8 2.7 (0.2-6.7) 91.7 (88.6-93.9)  <0.0001
Intracerebral Mild-to-severe 13 2153 58.8 36.6 28.5(19.2-38.7)  94.7(92.5-96.3) <0.0001
SRS Moderate-to-severe 4 1249 568 318 24.1(3.8-54.1)  98.4(97.4-99.0) <0.0001
Severe 4 1289 56.2 29.3 13.6 (0.1-40.0) 98.3(97.3-99.0)  <0.0001
Lobar intracerebral Mild-to-severe 6 202 727 56.6 52.8(31.9-73.3) 88.5(77.6-94.1)  <0.0001
hemorrhage Moderate-to-severe 5 207 732 59.3 56.7(41.7-71.0) 77.8(46.6-90.8)  0.0012
Severe 1 29 73.2 51.7 65.5(47.1-81.9) NA NA

Pooled prevalence estimates of mild-to-severe CAA, moderate-to-severe CAA (in bold, considered most important outcome parameter), and severe CAA, in
Alzheimer’s disease patients, the general population, cognitively normal elderly, patients with intracerebral hemorrhage, and patients with lobar intracere-
bral hemorrhage. Some studies did not provide data on mean age or distribution of sex; the summarizing demographic data is based on the available data.

|2 = measure of heterogeneity, Q(p) = P-value of Cochran’s Q statistics.

Abbreviations: CAA, cerebral amyloid angiopathy; Cl, confidence interval; NA, not applicable.

1.4 | High prevalence of CAA in AD patients:
clinical implications

Regarding AD patients, 23 studies reported the prevalence of
moderate-to-severe CAA pathology (2715 individuals, mean age 80.6
years), whereas 12 studies reported the prevalence of strictly lobar
microbleeds (2398 individuals, mean age 72.8 years).

Moderate-to-severe CAA pathology was observed in almost 50% of
AD patients. This observation is very important with the recognition
that ARIA may develop as a frequent (up to ~40% of the patients®) con-
sequence of AB immunotherapy and that immunotherapy treatment
may augment existing CAA pathology.>22-2> Two types of ARIA have
been described: parenchymal vasogenic edema and sulcal effusion
(ARIA-E), and hemosiderin deposits including microbleeds and super-
ficial siderosis (ARIA-H).> The mechanisms underlying ARIA are not
fully understood, but studies have suggested that antibody-mediated
breakdown of amyloid plaques results in solubilization of Ag, which is
dragged along interstitial fluid flow and eventually deposited in cere-
bral vessel walls, leading to a focal inflammatory reaction.®2° There-
fore, cautionis warranted when including AD patients with (prominent)
CAA into A immunotherapy trials.

Although not validated in AD patients, the (modified) Boston cri-
teria that were developed for patients with ICH are applied by some
to estimate the prevalence of CAA in AD patients during life, under
the assumption that the presence of strictly lobar microbleeds in AD

reflects CAA.26-28 The presence of strictly lobar cerebral microbleeds

in AD patients has also been associated with lower levels of AB40 in
cerebrospinal fluid,2? as decreased AB40 levels are associated with
CAA.% The presence of strictly lobar cerebral microbleeds in 22% of
AD patients has clinical relevance, as AD patients with multiple cere-
bral microbleeds had more severe cognitive impairment.3? It has been
shown that CAA contributes to AD dementia independently of senile
plaques and neurofibrillary tangles (the neuropathological hallmarks
of AD),3233 and that CAA is associated with faster rates of cognitive
decline.?® Therefore, CAA pathology may be an important therapeu-
tic target in AD, in addition to senile plaques or tau pathology, and
its timely recognition using appropriate diagnostic tools is of utmost

importance.

1.5 | Moderate-to-severe CAA in the general
population: clinical relevance

A total of 10 studies reported the prevalence of moderate-to-severe
CAA pathology (7157 individuals, mean age 84.9 years) in the gen-
eral population, whereas 14 studies reported the prevalence of strictly
lobar microbleeds (21,197 individuals, mean age 67.6 years).

The observation that almost a quarter of the general population
has moderate-to-severe CAA is striking and bears clinical relevance.
CAA presents with a wide clinical spectrum, and clinical signs and
symptoms of CAA may be overlooked or disregarded as being the

result of age-related complaints or other diseases. Our finding that
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TABLE 2 Pooled prevalence estimates of MRI markers of CAA

Imaging marker Studies,n nindividuals
Alzheimer’s Probable CAA 1 14
disease Possible CAA 1 14
Strictly lobar cerebral 12 2398
microbleeds
Mixed cerebral 10 1889
microbleeds
Cortical superficial 7 1045
siderosis
General Probable CAA NA
LT Possible CAA NA
Strictly lobar cerebral 14 21197
microbleeds
Mixed cerebral 10 10033
microbleeds
Cortical superficial 2 2472
siderosis
Cognitively Probable CAA 2 41
normalelderly  poqiple CAA 2 41
Strictly lobar cerebral 18 11598
microbleeds
Mixed cerebral 9 5334
microbleeds
Cortical superficial 2 469
siderosis
Intracerebral Probable CAA 1652
hemorrhage  pogsiple CAA 4 1256
Strictly lobar cerebral 10 1466
microbleeds
Mixed cerebral 9 1269
microbleeds
Cortical superficial 4 1010
siderosis
Lobar Probable CAA 5 374
intracerebral  pogiple CAA 4 209
hemorrhage
Strictly lobar cerebral 0 NA
microbleeds
Mixed cerebral 0 NA
microbleeds
Cortical superficial 3 454

siderosis
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Mean age Prevalence, %

(years) % female  (95% Cl) 12,% (95% Cl) Q(p)
66.2 28.6 14.3(0.00-32.6) NA NA

66.2 28.6 14.3 (0.00-32.6) NA NA

72.8 53.9 21.8(16.3-27.8) 90.7 (85.6-93.9) <0.0001
73.9 56.1 5.3(1.8-10.2) 93.1(89.3-95.5) <0.0001
69.6 52.0 5.3(3.6-7.2) 24.3(0.0-66.7) 0.2435
NA NA NA NA NA

NA NA NA NA NA

67.6 535 7.1(4.9-9.8) 97.8(97.2-98.3) <0.0001
66.0 52.4 3.1(2.2-4.2) 87.3(78.6-92.4) <0.0001
69.6 48.9 0.8(0.5-1.2) 0.0 0.4956
74.4 70.6 5.1(0.0-31.2) 79.1(9.5-95.2) 0.0287
74.4 70.6 6.7 (0.5-17.7) 0.0 0.4388
62.0 48.7 6.6(3.8-10.1) 97.0(96.1-97.6) <0.0001
62.1 47.0 1.5(0.4-2.9) 71.7 (44.1-85.6) 0.0004
66.9 452 0.5(0.0-1.5) 0.0 0.4740
67.4 37.4 20.2(9.5-33.7) 97.2(95.9-98.2) <0.0001
70.5 39.6 14.8 (7.8-23.5) 93.1(85.6-96.7) <0.0001
634 39.1 19.2(14.6-24.1) 75.4(54.3-86.8) <0.0001
64.6 38.8 27.2(17.3-38.2) 92.9 (88.6-95.5) <0.0001
68.6 42.3 15.6 (8.9-23.7) 90.2 (78.0-95.7) <0.0001
72.5 47.6 49.6(29.1-70.3) 93.4(87.6-96.5) <0.0001
74.2 48.8 45.2(15.8-76.5) 95.4(91.2-97.6) <0.0001
NA NA NA NA <0.0001
NA NA NA NA <0.0001
734 51.5 32.5(24.7-40.9) 63.3(0.0-89.5) 0.0654

Pooled prevalence estimates of MRI imaging markers, including possible or probable CAA according to the Boston criteria, strictly lobar cerebral microb-
leeds, mixed cerebral microbleeds, and cortical superficial siderosis. Some studies did not provide data on mean age or distribution of sex; the summarizing
demographic data are based on the available data. I> = measure of heterogeneity, Q(p) = P-value of Cochran’s Q statistics.

Abbreviations: CAA, cerebral amyloid angiopathy; Cl, confidence interval; MRI, magnetic resonance imaging; NA, not applicable.

CAA is highly prevalent in the general population indicates that CAA
should be considered in the differential diagnosis for patients present-
ing with cognitive decline, as CAA is strongly associated with cogni-
tive impairment,3* even after correction for the co-occurrence of AD
pathology and other pathologies.2%> Moreover, CAA-related cogni-

tive impairment can precede the occurrence of ICH.3¢ Furthermore,
transient focal neurological episodes are a recognized clinical presen-
tation of CAA, which occurred in 14% of patients diagnosed with prob-
able CAA in a multicenter cohort of 172 patients.®” In daily practice
however, transient focal neurological episodes may be underdiagnosed
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and mistaken for other clinical problems including transient ischemic
attacks, focal epileptic seizures, migraine aura, or functional neuro-
logical symptoms.”2¢ Avoiding misdiagnosis is crucial, as the admin-
istration of anti-platelet medication and anticoagulants for transient
ischemic attacks may increase the risk of CAA-related ICH.3?

The presence of strictly lobar cerebral microbleeds in 7% of the
general population is also clinically relevant, as it has been demon-
strated that strictly lobar cerebral microbleeds are associated even in

40,41 and

the general population with impaired cognitive functioning,
with an increased risk of ICH.#243 Therefore, in individuals with strictly
lobar cerebral microbleeds, careful management of vascular risk fac-

tors, such as hypertension, may be of importance.

1.6 | CAA in cognitively normal elderly

Regarding cognitively normal elderly, 16 studies reported the preva-
lence of moderate-to-severe CAA pathology (1095 individuals, mean
age 81.8 years), whereas 18 studies reported the prevalence of strictly
lobar microbleeds (11,598 individuals, mean age 62.0 years).

We found that the prevalence of moderate-to-severe CAA pathol-
ogy in cognitively normal elderly (6%) was four times lower than in
the general population (23%), while the mean age of the population
was similar. This may be explained by the fact that patients with stroke
and/or dementia were excluded from the cohorts of cognitively normal
elderly, but not from the general population.

Although often asymptomatic, the presence of strictly lobar cere-
bral microbleeds in almost 7% may have clinical relevance. The pres-
ence of cortical microbleeds in cognitively normal elderly has been
associated with a significant and widespread reduction in resting state
cerebral blood flow, which suggests the presence of chronic cerebral
hypoperfusion in these individuals.** This could put them at risk for
neuronal injury or cerebrovascular events: for example, in a population
enriched for cardiovascular disease, individuals with one or more lobar
cerebral microbleeds had a >7-fold risk of stroke-related death com-
pared to individuals without cerebral microbleeds.*>

1.7 | CAA in patients with (lobar) ICH

The prevalence of moderate-to-severe CAA pathology was reported in
four studies of ICH patients (1249 individuals, mean age 56.8 years)
and five studies of lobar ICH patients (207 individuals, mean age 73.2
years). Probable CAA according to the (modified) Boston criteria was
reported in seven studies of ICH patients (1652 individuals, mean age
67.4 years) and in five studies of lobar ICH patients (374 individuals,
mean age 72.5 years).

Moderate-to-severe CAA pathology was observed in 24% of
patients with ICH, and in 57% of patients with lobar ICH. Interestingly,
diagnosis of CAA based on the (modified) Boston criteria yielded sim-
ilar proportions of probable CAA cases (20% in patients with ICH and
50% in patients with lobar ICH). These findings support the accuracy
of the (modified) Boston criteria to detect CAA in patients with ICH.*¢

In contrast, a radiological-pathological correlation study in individuals
without ICH, but with other clinical presentations of CAA such as tran-
sient focal neurological episodes and cognitive impairment, found a low
sensitivity (42.4%) for detecting “probable CAA” (two or more strictly
lobar cerebral microbleeds as per Boston criteria).*¢4”

Our finding that only half of the cases with lobar ICH could
be explained by the presence of moderate-to-severe CAA indicates
that other etiologies, including arteriosclerotic arteriopathy, may con-
tribute to the development of lobar hemorrhages as well. Indeed, in
a recent meta-analysis hypertension was an important risk factor for
lobar ICH.*® Similarly, we found a relatively high prevalence of mixed
cerebral microbleeds in patients with ICH irrespective of location,
which may reflect the presence of etiologies other than or in addition
to CAA4950

Our observation that the prevalence of cortical superficial siderosis
was much higher in patients with ICH or lobar ICH compared to the
general population, cognitively normal individuals, and patients with
AD, indicates that cortical superficial siderosis is not a marker for CAA
in general, but may be confined to specific clinical phenotypes®” and

related with the development of lobar ICH.>1

18 |
data

Discrepancy between imaging and pathology

Importantly, in AD patients and in the general population, the preva-
lence estimates of CAA markers detected in imaging studies underesti-
mates the prevalence of CAA reported by pathology studies by a factor
two (AD) to three (general population), suggesting that MRI markers
of CAA may reflect only “the tip of the iceberg" in these populations.
Our finding that in both AD patients and population-based studies the
prevalence estimates for severe CAA pathology (23% and 6%, respec-
tively) are similar to those based on strictly lobar microbleeds (22%
and 7%, respectively), suggests that the latter only identifies severe
CAA. It has previously been shown that cognitive decline due to CAA
may precede lobar ICH,>253 which further supports the hypothesis
that hemorrhagic lesions detected by MRI represent late-stage CAA.
In pre-symptomatic carriers of hereditary cerebral hemorrhage with
amyloidosis-Dutch type (a genetic form of CAA), vascular reactivity
is altered well before the occurrence of hemorrhagic events.>* Fur-
thermore, amyloid deposition is detected by amyloid-positron emission
tomography in pre-symptomatic mutation carriers,>> providing further
evidence that amyloid deposition precedes the occurrence of hemor-
rhages.

An explanation for the difference between prevalence estimates
based on pathology and MRI findings is that MRI is performed on liv-
ing individuals with often modest stages of CAA pathology, whereas
autopsy data de facto reflects end-stage pathology. This corresponds
with a difference of 10 to 20 years in the mean/median ages of partici-
pants in the neuropathology and imaging studies.

Biomarkers that can accurately detect early-stage CAA would
enable treatment before the occurrence of hemorrhagic complications.

Blood- and cerebrospinal fluid-based biomarkers for the detection of
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early-stage CAA are currently being developed.®%°4-58 A caveat in
biomarker studies is that patients are often selected on the basis of
hemorrhagic imaging biomarkers.*® However, non-hemorrhagic MRI
markers of CAA emerge, including white matter hyperintensities,
microinfarcts, and enlarged perivascular spaces in the centrum semio-
vale, which may prove themselves as early biomarkers of CAA and
may aid in the detection of CAA before the onset of hemorrhagic
events.??-61

The high prevalence of moderate-to-severe CAA in AD patients
raises the question why these patients develop ICH relatively infre-
quently. It has been suggested that differences in enzyme levels
involved in the degradation of the extracellular matrix might play a
role®? and mechanistic studies may provide answers to this unsolved

question.

1.9 | Heterogeneity in pathology studies

A lot of variability existed among studies. We assessed the effects
of clinical and methodological parameters on estimates of prevalence
of CAA using meta-regression models. Some of the observed hetero-
geneity could be explained by differences in patient characteristics: in
pathology studies, higher age was associated with decreased preva-
lence of moderate-to-severe CAA pathology in AD patients. A possible
explanation may be earlier death in AD patients with severe CAA. How-
ever, a lot of heterogeneity was left unaccounted for. Possible expla-
nations may include different inclusion and exclusion criteria of the
study populations. Furthermore, during data extraction we encoun-
tered more than thirty different staging systems for CAA pathology:
some systems staged CAA based on the percentages or numbers of
vessels affected per cortical area or per microscopic field, whereas oth-
ers focused on the degree of staining in individual vessels or rather on
“an estimate of overall severity.” In addition, the extent to which the
brain was sampled and searched for CAA differed widely.

1.10 | Heterogeneity in imaging studies

In MRI studies, higher age increased the prevalence of strictly lobar
cerebral microbleeds when data from all populations were pooled, and
in populations of cognitively normal elderly specifically, which is not
surprising since it is generally assumed that the prevalence of cere-
bral microbleeds increases with age.®® Substantial heterogeneity in
the MRI studies could be explained by the influence of MRI parame-
ters, including magnetic field strength and slice thickness, in line with

previous reports.®*¢> However, in contrast to expectations,®¢¢”

phase
information (SWI vs T2*) was not a modifier. This may possibly be
explained by a lack of power since only relatively few studies that
made use of SWI sequences were included in our analysis. Other fac-
tors that were not systematically assessed but may have introduced
heterogeneity include the definition of “strictly lobar cerebral microb-
leeds,” which varied among studies: whereas some authors defined

these as cerebral microbleeds located only in the cortico-subcortical
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areas (in case of cerebellar microbleeds, the individual was then classi-
fied as having mixed cerebral microbleeds), others did not take cerebel-
lar microbleeds into account at all, and one study classified cerebellar
cortical microbleeds as “strictly lobar cerebral microbleeds.” Also, the
size by which cerebral microbleeds were defined differed, often with
a maximum of either 5 or 10 mm, whereas sometimes no information
was provided. Other MRI parameters that may have affected cerebral
microbleed prevalence include slice gap and the use of multiple imaging
planes.

1.11 | High degree of heterogeneity calls for
standardized assessment and reporting of CAA and
CAA imaging markers

We found that, despite the existence of several protocols,®8-71

consen-
sus on how to grade and report the severity of CAA at neuropatholog-
ical examination is currently lacking. Harmonization of CAA grading is
therefore an important next step in CAA research, to be able to com-
pare and interpret the findings of studies. Similarly, for neuroimaging
studies, we would like to emphasize the importance of adhering to the
recommendations of the Microbleed Study Group®* to always specify
the imaging parameters, preferably keeping them constant in longitu-
dinal studies, and taking them into account when interpreting study

results.

1.12 | Strengths and limitations of this
meta-analysis

Strengths of this review include the large number of studies and num-
ber of individuals included, and the comprehensive search that was
performed without date and language restrictions. We included all
studies that reported the prevalence of CAA or CAA imaging biomark-
ers, not only those that were primarily aimed at investigating the preva-
lence of CAA or CAA imaging biomarkers. We assessed the prevalence
by use of both neuropathology and MRI imaging and in five domains.
The large number of studies also allowed assessment of modifiers of
CAA prevalence. Our review also has limitations. First, studies had a
high degree of heterogeneity, which could only be partly explained by
the variety in age and MRI parameters. Second, although we metic-
ulously tried to exclude potential overlap of participants in the vari-
ous studies, we cannot fully rule out that some participants appeared
in more than one study. Third, studies may have included individuals
of different ethnicities, which may have affected the prevalence, but
information on ethnicity was too limited to analyze. Of note, many
studies lacked descriptions of (some of) the methodological parameters
and were therefore not included in the meta-regression analyses.

1.13 | Conclusions

With this systematic review and meta-analysis, we provide reliable

estimates of the prevalence of CAA pathology and MRI imaging
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markers of CAAin AD patients, the general population, cognitively nor-
mal elderly, and patients with (lobar) ICH. We show that almost a quar-
ter of the general population has moderate-to-severe CAA pathology.
Also, in AD patients (48%) and patients with lobar ICH (57%), CAA
is highly prevalent. Since CAA is associated with the development of
ARIA in anti-Ag immunotherapy and with a growing spectrum of clin-
ical symptoms, awareness of the high prevalence of CAA is important.
Therefore, ifimmunotherapy becomes available for AD patients as part
of regular care, screening for the presence of CAA is vital. As neu-
roimaging markers seriously underestimate the prevalence of CAA in
the target populations of such immunotherapies, that is, AD patients
and people-at-risk for AD from the general population, the identifica-
tion and characterization of robust biomarkers that could identify CAA
during life may enable early AD treatment, while limiting the risk of
ARIA development. Finally, our results emphasize the need for stan-
dardized reporting of CAA pathology and CAA-related MRI markers.
Based on the findings of our systematic review and meta-analysis we
propose the following steps forward enabling more accurate detection
of CAA and a higher appreciation of its association with the occurrence

of adverse events associated with immunotherapy:

1. We propose that harmonized and standardized protocols be devel-
oped facilitating uniform reporting of CAA, both in neuropathology
and neuroimaging studies.

2. We suggest that the search for biomarkers that accurately detect
CAA during life be intensified. Candidates may include fluid
biomarkers (CSF, blood), or advanced MR or nuclear imaging
biomarkers of CAA.

3. We propose that MRI criteria for CAA be developed for AD
patients, by comparing the occurrence of CAA using both MRI
investigations during life and post mortem neuropathological exam-
ination in the same patient population.

4. We suggest that in future anti-Agimmunotherapies, the presence of
CAA be systematically analyzed (using the newly developed accu-
rate biomarkers and protocols as proposed above) in relation to the
potential occurrence of ARIA as a consequence of this type of treat-
ment.

2 | PART 2: CONSOLIDATED METHODS AND
RESULTS

2.1 | Methods

2.1.1 | Search strategy and selection criteria

We searched EMBASE and PubMed using a comprehensive search

strategy on June 26th, 2019, using search terms including “cerebral

» o« » o« » o«

amyloid angiopathy,” “cerebral hemorrhage,” “neuroimaging,” “neu-

»

ropathology,” “amyloid-beta,” and “strictly lobar cerebral microbleeds”
(Appendix A). Neither date nor language restrictions were applied. The
protocol for this review was registered in PROSPERO (registration

number 93159).

2.1.2 | Inclusion and exclusion criteria

Research papers were eligible for inclusion if they described one of the
following study populations: (1) patients with AD, (2) the general popu-
lation, (3) cognitively normal elderly, (4) patients with ICH irrespective
of the location, (5) patients with lobar intracerebral hemorrhage. We
included papers that reported summary estimates on the prevalence of
(1) CAA pathology, (2) clinical CAA according to the (modified) Boston
criteria, (3) strictly lobar cerebral microbleeds, or (4) cortical superficial
siderosis.

Other inclusion criteria were: (1) study population comprised at
least 10 subjects, (2) mean/median age of the population was >55
years, (3) clearly defined diagnostic criteria to detect CAA which
included the use of either neuropathology or MRI (T2* or SWI).

2.1.3 | Data extraction

Two authors independently screened titles and abstracts, assessed full-
text articles for eligibility, and extracted relevant data into Covidence
systematic review software (Melbourne, Australia).”? For CAA pathol-
ogy studies, we considered the prevalence of moderate-to-severe CAA
as the primary outcome, since the risk of ICH is higher in individu-
als with moderate-to-severe CAA compared to individuals with mild
CAA,’? and this stage of CAA pathology has been associated with cog-
nitive impairment during life.323°> We also extracted mild-to-severe
CAA (including all CAA grades) and severe CAA separately. When the
Boston criteria were used for CAA diagnosis, we considered probable
CAA as the primary outcome parameter, but also extracted data on
the prevalence of possible CAA. For the prevalence of cerebral microb-
leeds, we considered the prevalence of strictly lobar cerebral microb-
leeds as the primary outcome, but also extracted the prevalence of
mixed cerebral microbleeds, when available. Quality of the studies was
independently assessed by two authors using an adapted and com-
bined version (Appendix B) of the quality assessment tool by Hoy and
the Newcastle-Ottawa scale.”*”> The maximum possible score was 18
points, and studies with a score equal to or lower than the median value
were considered to be of high quality.

2.1.4 | Data analysis

Statistical analyses were performed using the “meta” and “metafor”
packages of R (version 3.4.4). Pooled prevalence estimates of CAA
were calculated using Freeman Tukey Double Arcsine transforma-
tion and Dersimonian-Laird random-effects models. Heterogeneity
was quantified using I? statistics, and its significance was determined
using Cochran’s Q test. We assessed the effects of potential modi-
fiers (Appendix C) of prevalence by meta-regression analysis. The P-
value of QM statistics was used to indicate the significance of a mod-
ifier. Furthermore, overall pooled estimates were recalculated includ-
ing only high-quality studies. P < .05 was considered statistically
significant.
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FIGURE 1 Flow chart®? of study selection o
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2.2 | Results
2.2.1 | Included studies

From a total of 9806 unique records, we included 170 studies that
fulfilled the inclusion criteria (Figure 1). There were 100 studies that
reported on CAA pathology, 13 on the diagnosis of CAA according to
the (modified) Boston criteria, 52 on strictly lobar cerebral microb-
leeds, and 16 on cortical superficial siderosis (Appendix D).

2.2.2 | Prevalence of CAA and CAA imaging
markers

The prevalence of CAA pathology (mild-to-severe, moderate-to-
severe, and severe only) is reported in Table 1. The prevalence of clin-
ical CAA according to the Boston criteria, and the prevalence of MRI
markers of CAA are reported in Table 2. Most meta-analyses showed

substantial heterogeneity.

2.2.3 | Quality of included studies

Quality assessment scores ranged from O to 16.5 points (Appendix E).

Across neuropathology studies, the median quality assessment score

was 4 (interquartile range [IQR]: 3-6) points, 3 (IQR: 2.38-6) across
studies reporting the prevalence of CAA according to the (modified)
Boston criteria, 1.75 (IQR: 0.75-3) across studies reporting the preva-
lence of strictly lobar cerebral microbleeds, and 2.75 (IQR: 1-4) across
studies reporting the prevalence of cortical superficial siderosis. Meta-
analyses of high-quality studies only did not result in significant differ-
ences from the main findings (Appendix F).

224 | Meta-regression analysis

In meta-regression analyses of pathology studies (Appendix G, Table 3),
older age was associated with lower prevalence of moderate-to-severe
CAA pathology in AD (P = .004), but not in other study populations.
In meta-regression analyses of MRI studies (Appendix H, Table 4),
older age had a statistically significant association with higher preva-
lence of strictly lobar cerebral microbleeds across all studies (pool-
ing all data, P <.0001), and in the subset of studies reporting on cog-
nitively normal elderly (P < .0001). MRI parameters contributed sig-
nificantly to heterogeneity in imaging studies; higher field strength
(P = .01) and smaller slice thickness (P < .0001), but not use of SWI
or T2* sequences (P = .16), were associated with increased detection
of strictly lobar cerebral microbleeds. In population-based studies, but
not in any other domains, more recent publications reported higher

prevalence of strictly lobar cerebral microbleeds (P =.023).
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TABLE 3 Meta-regression analyses of the effect of six potential modifiers of prevalence of moderate-to-severe CAA pathology
Modifier Population Studies, n R2,% 12,% (95% Cl) QM(p)
Age Overall 51 10.30 96.49 (97.02-98.73) 0.74
Alzheimer’s disease 21 28.87 92.24 (84.35-96.03) 0.0042
Population 10 0.00 95.99 (89.06-98.74) 0.36
Cognitively normal elderly 14 15.71 70.85 (39.24-89.56) 0.23
Intracerebral hemorrhage 4 NA NA NA
Lobar intracerebral hemorrhage NA NA NA
Sampling Overall 35 0.00 95.56(95.19-98.30) 0.81
Alzheimer’s disease 16 0.00 95.90 (89.08-97.75) 0.81
Population 5 NA NA NA
Cognitively normal elderly 10 0.00 55.89(3.80-91.89) 0.63
Intracerebral hemorrhage 3 NA NA NA
Lobar intracerebral hemorrhage 1 NA NA NA
Staining Overall 49 0.00 97.08 (96.42-98.51) 0.93
Alzheimer’s disease 19 42.47 90.19 (82.79-96.27) 0.16
Population 8 NA NA NA
Cognitively normal elderly 13 0.00 67.27 (31.32-90.90) 0.42
Intracerebral hemorrhage 4 NA NA NA
Lobar intracerebral hemorrhage NA NA NA
Study design Population 10 2.21 95.72 (91.08-98.95) 0.97
Diagnosis Alzheimer’s disease 23 3.47 93.83(88.46-97.04) 0.45
Cognitively normal elderly 16 17.80 74.56 (45.68-89.97) 0.09
Publication year Overall 58 0.00 97.08(97.17-98.72) 0.49
Alzheimer’s disease 23 0.00 94.37 (88.00-96.78) 0.29
Population 10 7.24 95.54(91.14-98.96) 0.99
Cognitively normal elderly 16 0.31 77.77 (56.15-91.75) 0.43
Intracerebral hemorrhage 4 NA NA NA
Lobar intracerebral hemorrhage NA NA NA

Univariable meta-regression analyses for potential modifiers of prevalence estimates of moderate-to-severe CAA. R? is the proportion of heterogeneity
that can be explained by the modifying factor. The P-value of the QM statistics shows whether a potential modifier had a statistically significant effect on
prevalence (either a ®negative or Ppositive association). I2 statistics and their 95% Cls indicate the residual heterogeneity that cannot be explained by the
modifier. Modifiers that significantly affected prevalence are indicated in bold. Scatterplots and box-and-whisker plots illustrating the modifier analyses can
be found in Appendix G. NA: not applicable (eg, <10 studies available for modifier analysis).

Abbreviations: CAA, cerebral amyloid angiopathy; Cl, confidence interval.

3 | PART 3: DETAILED METHODS AND RESULTS

3.1 | Methods

3.1.1 | Search strategy and selection criteria

We searched EMBASE and PubMed using a comprehensive search
strategy on March 20th, 2018. The search syntax was built in consul-
tation with a university librarian with systematic review experience.
Controlled search terms (MeSH) terms were combined with free text
words. On June 26th, 2019, the search was updated and adjusted to

search for additional studies on strictly lobar cerebral microbleeds

(see Appendix A for the detailed search strategies). The reference lists
of eligible studies and relevant reviews were searched for additional
potentially relevant studies. Papers were translated when necessary.
References were imported into Endnote (version 9X), which was used
to remove duplicates.

3.1.2 | Inclusion and exclusion criteria
The inclusion criteria are described in Part 2: Consolidated methods
and results. If a study reported on more than one of the study popula-

tions and segregation of data was not possible, the study was excluded.
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TABLE 4 Meta-regression analyses of the effect of six potential modifiers of prevalence of strictly lobar cerebral microbleeds
Modifier Population Studies, n R2,% 12,% (95% Cl) QM(p)
Age Overall 48 16.14 96.77 (96.98-98.81) <0.0001°
Alzheimer’s disease 10 0.00 91.65 (91.07-99.03) 0.33
Population 14 0.00 97.87 (94.28-98.94) 0.06
Cognitively normal elderly 16 28.19 92.69 (84.54-97.98) <0.0001°
Intracerebral hemorrhage 8 NA NA NA
Hypertension Overall 42 0.00 97.31(96.47-98.66) 0.25
Alzheimer’s disease 8 NA NA NA
Population 14 0.00 97.97 (95.53-99.18) 0.86
Cognitively normal elderly 13 7.59 88.05 (84.82-98.38) 0.17
Intracerebral hemorrhage 7 NA NA NA
Field strength Overall 46 11.34 97.27 (97.78-99.13) 0.01°
Alzheimer’s disease 11 0.00 90.94 (89.90-98.73) 0.92
Population 14 2.26 97.78 (95.33-99.16) 0.15
Cognitively normal elderly 17 45.54 94.45 (92.99-98.61) 0.0006°
Intracerebral hemorrhage 4 NA NA NA
MRI sequence Overall 45 0.00 97.64(98.05-99.23) 0.16
Alzheimer’s disease 9 NA NA NA
Population 14 0.00 97.97 (96.13-99.30) 0.91
Cognitively normal elderly 16 0.00 97.32(95.65-99.17) 0.62
Intracerebral hemorrhage 6 NA NA NA
Slice thickness Overall 42 2.35 95.79(96.79-98.80) <0.0001?
Alzheimer’s disease 11 12.52 89.94(87.28-98.38) 0.044°
Population 12 14.49 96.40 (91.97-98.75) 0.039?
Cognitively normal elderly 17 38.49 94.53(91.41-98.31) 0.00142
Intracerebral hemorrhage 2 NA NA NA
Publication year Overall 54 0.00 97.51(97.64-98.99) 0.07
Alzheimer’s disease 12 1.16 90.65(90.13-98.63) 0.17
Population 14 26.78 97.00 (94.26-98.98) 0.023"
Cognitively normal elderly 18 0.00 97.15 (95.63-99.06) 0.31
Intracerebral hemorrhage 10 0.00 77.91(45.52-94.14) 0.57

Univariable meta-regression analyses for modifiers of prevalence estimates of strictly lobar cerebral microbleeds. R? is the proportion of heterogeneity that
can be explained by the modifier. The P-value of the QM statistics shows whether a modifier has a statistically significant effect on prevalence (either a
anegative or Ppositive association). I2 statistics and their 95% Cls indicate the residual heterogeneity that cannot be explained by the modifier. Modifiers that
significantly affected prevalence are indicated in bold. Scatterplots and box-and-whisker plots illustrating the modifier analyses can be found in Appendix
H. As no studies were included that reported on the prevalence of strictly lobar cerebral microbleeds in patients with lobar intracerebral hemorrhage, no
meta-regression analyses were performed on this population. NA: not applicable (eg, <10 studies available for modifier analysis). Cl, confidence interval.

Studies were excluded if they were (1) reviews, conference
abstracts, commentaries, editorials, or policy reports; (2) primarily
focused on other pathologies as a cause of hemorrhagic neuroimag-
ing markers, such as central nervous system malignancy, vascular
malformation, excessive warfarin use, antecedent head trauma or
ischemic stroke, vasculitis, blood dyscrasia or coagulopathy; or (3)
focused on patients with isolated convexity subarachnoid hemorrhage.
If multiple papers reported on overlapping parts of the same cohort,

the study reporting on the largest population was included.

3.1.3 | Data extraction

Titles and abstracts were screened by two independent authors
(MMV and either LJ or AMK). Full-text articles were independently
assessed for eligibility by two authors (LJ and AMK). Disagreement on
study eligibility was resolved in consultation with a third researcher
(MMV). Extraction was performed by two independent authors (LJ
and AMK) and discrepancies were resolved in consultation with a
third researcher (MMV or CJMK). Extracted information included data
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on study characteristics (publication year, diagnostic method, study
design, MRI sequence and parameters, amyloid staining protocol), par-
ticipant characteristics (age, sex, presence of hypertension), and out-
come parameters (see Part 2: Consolidated methods and results, for
further details). Quality of the studies was independently assessed
by two authors (LJ and AMK) using an adapted and combined ver-
sion of the quality assessment tool by Hoy and the Newcastle-Ottawa
scale,’47> which included the following items: (1) representativeness
of the sample, (2) recruitment (random selection of patients), (3) appro-
priateness of outcome parameter definition, (4) reliability and validity
of the diagnostic tool, (5) uniformity in method of data collection, (6)
appropriate reporting of numerators and denominators (Appendix B).
The median quality assessment scores with IQR values for studies on
neuropathology, (modified) Boston criteria, microbleeds, and cortical

superficial siderosis were calculated separately.

3.1.4 | Data analysis

Pooled prevalence estimates of CAA were calculated using Freeman
Tukey Double Arcsine transformation to stabilize variance and to
appropriately weigh studies reporting a prevalence of 0%.7677 Trans-
formed prevalence estimates were combined in meta-analyses using
Dersimonian-Laird random-effects models and later back-transformed
for the purpose of interpretation. Meta-analyses were repeated using
generalized linear mixed models to confirm the appropriate use of the
Freeman Tukey Double Arcsine transformation.”® Heterogeneity was
quantified using I2 statistics, and its significance was determined using
Cochran’s Q test to assess whether potential heterogeneity was gen-
uine, or whether variation in findings was due to chance alone.”? I val-
ues >50% in combination with a P <.1for Cochran’s Q were considered
to represent significant heterogeneity.

We assessed the effects of potential modifiers of prevalence by
meta-regression analysis. We chose the modifiers a priori based on
hypothetical sources of heterogeneity (Appendix C). For neuropatho-
logical studies, we assessed in univariable meta-regression models the
effect of: (1) age (mean, or if not available median or midpoint of age
range), (2) number of cortical lobes examined, (3) method of amy-
loid staining (immunohistochemistry vs amyloid staining [by Congo
Red or Thioflavin], or both), (4) study sample (population- or registry-
based studies vs clinical sample-based studies), (5) method of diagnosis
(clinical diagnosis vs neuropathological diagnosis of AD, and of cogni-
tively normal elderly), (6) publication year. For neuroimaging studies,
we assessed in univariable meta-regression analyses the effect on the
reported prevalence of strictly lobar cerebral microbleeds of: (1) age
(mean, or if not available median or midpoint of age range), (2) history
of hypertension, (3) MRI field strength, (4) MRl slice thickness, (5) MRI
sequence (T2* vs SWI), (6) publication year. If data were missing for a
specific variable, that study was excluded from analyses. Univariable
meta-regression analyses were performed only if ten or more studies
were available for analysis. To quantify the results of modifier analy-
ses, R2 was used to indicate the proportion of heterogeneity that could

be explained by a potential modifier, the P-value of QM statistics was

used to indicate the significance of a modifier (P < .05 was considered
statistically significant), and I2 was used to indicate the residual hetero-
geneity that could not be explained by the modifier.

A series of influence analyses was conducted. Leave-one-out analy-
ses were performed, in which every study was consecutively excluded
once to assess its influence on overall pooled estimates. Studentized
residual inspections®® and Baujat plots8! were used to detect stud-
ies that contributed substantially to heterogeneity and overall results.
Studies were considered to contribute excessively to the heterogene-
ity if studentized residuals were larger than two or if they appeared in
the top right quadrant of Baujat plots. Overall pooled estimates were
then recalculated, excluding these influential studies, and results were
compared with the main findings. Furthermore, overall pooled esti-
mates were recalculated including only high-quality studies. In case a
set of studies included five studies or fewer, the number of studies was
deemed too low for meaningful recalculation of the pooled prevalence
estimates of high-quality studies only. To detect potential publication
bias and small study effects, funnel plots were visually inspected and
funnel plot asymmetry was tested using unweighted regression tests.
In case a set of studies included five studies or fewer, funnel plots and
regression tests were not conducted. P < .05 was considered statisti-

cally significant.

3.2 | Results

Out of 9806 identified unique records, 170 studies fulfilled the inclu-
sion criteria (Figure 1). Individual study characteristics are summarized
in Appendix D. The quality assessment of these studies is shown in
Appendix E. See Part 2: Consolidated methods and results for more
details on the quality assessment.

Funnel plots neither showed publication bias, nor small study
effects, except for studies reporting on the prevalence of strictly lobar
cerebral microbleeds and cortical superficial siderosis in AD patients,
as smaller studies tended to report a higher prevalence (Appendix I).

In AD patients, the pooled prevalence of moderate-to-severe CAA
was 47.5% (95% confidence interval [Cl]: 38.8-56.2, Figure 2A). Preva-
lence of CAA according to the (modified) Boston criteria was only
reported in one study (14.3%). The pooled prevalence of strictly lobar
cerebral microbleeds was 21.8% (95% Cl: 16.3-27.8, Figure 2B), and of
cortical superficial siderosis 5.3% (95% Cl: 3.6-7.2, Figure 2C).

In population-based cohorts, the pooled prevalence of moderate-
to-severe CAA pathology was 23.0% (95% Cl: 17.3-29.1, Figure 3A).
CAA according to the (modified) Boston criteria was not assessed in
population-based cohorts. The pooled prevalence of strictly lobar cere-
bral microbleeds detected by MRI was 7.1% (95% Cl: 4.9-9.8, Fig-
ure 3B). The pooled prevalence of cortical superficial siderosis was
0.8% (95% Cl:0.5-1.2, Figure 3C).

In cognitively normal elderly, the pooled prevalence of moderate-to-
severe CAA was 6.4% (95% Cl: 3.2-10.5, Figure 4A). The pooled preva-
lence of probable CAA according to the (modified) Boston criteria was
5.1% (95% Cl: 0.0-31.2, Figure 4B). The pooled prevalence of strictly
lobar cerebral microbleeds was 6.6% (95% Cl: 3.8-10.1, Figure 4C). The



JAKEL £7 . Alzheimer’s &PDementia® | x

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

A
Study Events N Prevalence 95% CI Weight
Mandybur et al., 1975 9 15 —_— 60.00 [35.21; 84.79] 3.5%
Bergeron et al., 1987 25 30 —FB— 8333  [70.00; 96.67] 4.2%
Yamada et al., 1988 6 15 — 40.00 [15.21; 64.79] 3.5%
Wu et al., 1992 15 34 — 4412 [27.43;60.81] 4.2%
Ellis et al., 1996 30 117 -+ 25.64  [17.73;33.55] 4.8%
Pirttila et al., 1996 7 18 _— 38.89 [16.37; 61.41] 3.7%
Premkumar et al., 1996 135 190 E 71.05 [64.60; 77.50] 4.9%
Tomimoto et al., 1999 32 39 : —a 82.05 [70.01; 94.10] 4.3%
Pfeifer et al., 2002 20 36 — 55.56  [39.32;71.79] 4.3%
Chalmers et al., 2003 40 125 —+ 32.00  [23.82;40.18] 4.8%
Jellinger et al., 2003 175 730 ] : 23.97 [20.88; 27.07] 5.0%
Tian et al., 2004 107 137 . 78.10 [71.18; 85.03] 4.8%
Jicha et al., 2006 4 24 — : 16.67 [1.76; 31.58] 4.0%
Brayne et al., 2009 27 101 — : 26.73 [18.10; 35.36] 4.7%
Serrano-Pozo et al., 2013 278 623 | 44.62 [40.72; 48.53] 5.0%
Dugger et al., 2014 22 38 —— 57.89  [42.20;73.59] 4.3%
Magaki et al., 2014 93 171 ——'— 54.39 [46.92; 61.85] 4.9%
Head et al., 2017 25 79 . 31.65 [21.39; 41.90] 4.7%
Bourassa et al., 2019 10 38 —_— 26.32 [12.32;40.32] 4.3%
DeReuck et al., 2019 44 92 —— 47.83  [37.62;58.03] 4.7%
Helman et al., 2019 7 12 — 58.33 [30.44; 86.23] 3.3%
McAleese et al., 2019 8 20 ——'— 40.00 [18.53; 61.47] 3.8%
Vik-Mo et al., 2019 18 31 — 58.06 [40.69; 75.44] 4.2%
Overall 1137 2715 - 47.45 [38.75;56.23]  100.0%
Heterogeneity: 12 =94% , 2 =0.0377 I f f f I I
X2,=37423 (p<001) 0 20 40 60 8 100

Prevalence moderate to severe CAA (%)
B
Study Events N Prevalence 95% CI Weight
Nakata—Kudo et al., 2006 8 50 — 16.00 [5.84; 26.16] 7.0%
vanderVlies et al., 2012 23 221 = 10.41 [6.38; 14.43] 8.9%
Benedictus et al., 2013 67 371 -~ 18.06 [14.14; 21.97] 9.2%
Nagasawa et al., 2014 70 559 = 12.52 [9.78; 15.27] 9.3%
Chiang et al., 2015 30 86 i 34.88 [24.81; 44.96] 7.9%
Charidimou et al., 2016 25 36 i 29.07  [19.47;38.67] 7.9%
Inoue et al.,, 2016 41 162 = N 25.31 [18.61; 32.00] 8.6%
Shams et al., 2016 67 423 = 15.84 [12.36; 19.32] 9.2%
Zhang et al., 2016 29 146 - 19.86 [13.39; 26.33] 8.5%
Noguchi-Shinohara et al., 2017 15 88 . 17.05 [9.19; 24.90] 7.9%
Sparacia et al., 2017 38 54 ; —— 70.37  [58.19; 82.55] 7.1%
Boyano et al., 2018 21 152 - 13.82 [8.33;19.30] 8.6%
Overall 434 2398 > 21.75 [16.28; 27.76] 100.0%
Heterogeneity: 1% =91% , t° = 0.0128 f f I f I I
Xil =117.72 (p<0.01) 0 20 40 60 80 100

Prevalence strictly lobar cerebral microbleeds (%)
C
Study Events N Prevalence 95% CI Weight
Yates et al., 2014 7 40 —8— 17.50 [5.72; 29.28] 5.6%
Zonneveld et al., 2014 12 249 | 4.82 [2.16; 7.48] 23.3%
Na et al., 2015 3 62 — 4.84 [0.00; 10.18] 8.2%
Charidimou et al., 2016 5 36 e 5.81 [0.87; 10.76] 10.8%
Inoue et al., 2016 8 162 L 4.94 [1.60; 8.27] 17.5%
Shams et al., 2016 21 423 -+ 4.96 [2.89; 7.03] 31.3%
Carmona-lragui et al., 2017 2 23 —— 8.70 [0.00; 20.21] 3.4%
Overall 58 1045 * 5.28 [3.60; 7.24] 100.0%
Heterogeneity: 12 =24% ) % =0.0006 f I I f f I
Xe=7.93 (p=024) 0 20 40 60 80 100

Prevalence cortical superficial siderosis (%)

FIGURE 2 Forest plots showing the prevalence in Alzheimer’s disease patients of moderate-to-severe cerebral amyloid angiopathy (CAA)
pathology (A), strictly lobar cerebral microbleeds (B), and cortical superficial siderosis (C). CAA, cerebral amyloid angiopathy
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Study Events N Prevalence 95% Cl  Weight
Vonsattel et al., 1991 17 66 —'— 25.76 [15.21; 36.31] 8.5%
Itoh et al., 1993 35 160 - 21.88 [15.47; 28.28] 9.9%
Xu et al., 2003 77 362 — 21.27 [17.06; 25.49]  10.7%
Matthews et al., 2009 101 446 _ 22.65 [18.76; 26.53] 10.8%
Cholerton et al., 2013 54 363 = 14.88 [11.22;18.54]  10.7%
Brenowitz et al., 2015 1401 3976 — 35.24 [33.75; 36.72] 11.3%
Oveisgharan et al,, 2018 506 1453 - 34.82 [32.37;37.27] 11.1%
Robinson et al., 2018 13 185 | : 7.03 [3.34;10.71] 10.1%
Robinson et al., 2018 26 97 —e— 26.80 [17.99; 35.62] 9.2%
Tanprasertsuk et al., 2019 12 49 — 24.49 [12.45; 36.53] 7.8%
Overall 2242 7157 > 22.95  [17.32;29.10] 100.0%
[ I I I I 1
12 are 2 _

Hft_egolg;;?ty'( ’< : 3;/ , T =00112 0 20 40 60 80 100

Ko =213. pet Prevalence moderate to severe CAA (%)

Study Events N Prevalence 95% Cl  Weight
Tsushima et al., 2003 33 2019 + 1.63 [1.08; 2.19] 7.3%
Kim et al., 2012 34 1452 + 2.34 [1.56; 3.12] 7.3%
Qiu et al., 2012 272 4205 + 6.47 [5.73; 7.21] 7.4%
Aarts et al.,, 2014 629 4945 i 12.72 [11.79; 13.65] 7.4%
Miwa et al., 2014 33 524 == 6.30 [4.22; 8.38] 7.0%
Romero et al., 2014 109 1965 + 5.55 [4.54; 6.56] 7.3%
Wiegman et al.,, 2014 41 243 LT 16.87 [12.16; 21.58] 6.6%
Chung et al., 2016 49 962 + 5.09 [3.70; 6.48] 7.2%
DelBrutto et al., 2016 13 311 -+ 4.18 [1.96; 6.40] 6.8%
Han et al., 2018 63 1211 + 5.20 [3.95; 6.45] 7.3%
Yubi et al., 2018 67 1281 i 5.23 [4.01; 6.45] 7.3%
Graff-Radford et al., 2019 199 1215 Lo 16.38 [14.30; 18.46] 7.3%
Paradise et al., 2019 41 302 B 13.58 [9.71; 17.44] 6.7%
Wang et al., 2019 49 562 -+ 8.72 [6.39; 11.05] 7.1%
Overall 1632 21197 & 714 [4.87; 9.80] 100.0%

[ I I I I 1
ity: = 98% 2 _
;fte_“;gir‘;ty' ! :285 . T =00079 O 20 40 60 8 100
137 ' (p <0.01) Prevalence strictly lobar cerebral microbleeds (%)

Study Events N Prevalence 95% Cl  Weight
Vernooij et al., 2009 7 1062 + 0.66 [0.17; 1.15]  42.9%
Pichler et al., 2017 13 1412 + 0.92 [0.42; 1.42] 57.1%
Overall 20 2474 | 0.80 [0.48;1.20] 100.0%

Heterogeneity: 12 =0% ) =0
X2 =046 (p =0.50)

FIGURE 3
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Prevalence cortical superficial siderosis (%)

Forest plots showing the prevalence in the general population of moderate-to-severe cerebral amyloid angiopathy (CAA) pathology

(A), strictly lobar cerebral microbleeds (B), and cortical superficial siderosis (C). CAA, cerebral amyloid angiopathy

pooled prevalence of cortical superficial siderosis was 0.5% (95% Cl:
0.0-1.5, Figure 4D).

In patients with ICH, the pooled prevalence of moderate-to-severe
CAA was 24.1% (95% Cl: 3.8-54.1, Figure 5A). The pooled preva-
lence of probable CAA according to the (modified) Boston criteria
was 20.2% (95% Cl: 9.5-33.7, Figure 5B). The pooled prevalence of
strictly lobar cerebral microbleeds was 19.2% (95% Cl: 14.6-24.1

Figure 5C), and of cortical superficial siderosis 15.6% (95% Cl: 8.9-23.7,
Figure 5D).

In patients with lobar ICH, the pooled prevalence of moderate-to-
severe CAAwas 56.7% (95% Cl: 41.7-71.0, Figure 6A). The prevalence
of probable CAA according to the (modified) Boston criteria was 49.6%
(95% Cl: 29.1-70.3 Figure 6B). No studies evaluated the prevalence

of strictly lobar cerebral microbleeds in patients with lobar ICH. The
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A
Study Events N Prevalence 95% ClI Weight
Lee etal, 1978 0 75 i 0.00 [0.00; 0.00] 7.2%
Bergeron et al., 1987 7 30 — 23.33 [8.20; 38.47] 5.6%
Wau et al., 1992 2 34 - 5.88 [0.00; 13.79] 5.8%
Premkumar et al., 1996 0 16 a : 0.00 [0.00; 0.00] 4.2%
Chalmers et al., 2003 5 53 . 9.43 [1.56; 17.30] 6.6%
Bertrand et al., 2008 2 14 — 14.29 [0.00; 32.62] 3.9%
Brayne et al., 2009 4 100 - 4.00 [0.16; 7.84] 7.6%
Matthews et al., 2009 17 178 - 9.55 [5.23; 13.87] 8.1%
Cholerton et al., 2013 18 196 - 9.18 [5.14; 13.23] 8.2%
Serrano-Pozo et al., 2013 15 117 o 12.82 [6.76; 18.88] 7.7%
Magaki et al., 2014 0 124 | 0.00 [0.00; 0.00] 7.8%
Head et al., 2017 3 37 - 8.11 [0.00; 16.90] 6.0%
Robinson et al., 2018 9 57 b 15.79 [6.32; 25.26] 6.8%
Bourassa et al., 2019 2 22 . 9.09 [0.00; 21.10] 4.9%
DeReuck et al., 2019 0 20 _ 0.00 [0.00; 0.00] 4.7%
McAleese et al., 2019 3 22 — . 13.64 [0.00; 27.98] 4.9%
Overall 87 1095 | <> | | | | | 6.44 [3.20; 10.50]  100.0%
Heterogeneity: 17 =78% , ©=0.0134 0 20 40 60 30 100
X5 =67.77 (p <0.01)

Prevalence moderate to severe CAA (%)
B
Study Events N Prevalence 95% Cl Weight
Atri et al., 2005 0 23 0.00 [0; 0.00] 51.2%
Van Rooden et al., 2014 3 18 e - — 16.67 [0; 33.88] 48.8%
Pooled totals 3 41 — 5.10 [0;31.15] 100.0%
Heterogeneity: 1*=79% , % =0.0457 f f T T T I
X% =478 (p=0.03) 0 20 40 60 80 100

Prevalence probable CAA (%)
C
Study Events N Prevalence 95% CI Weight
Roob et al., 1999 9 280 - 3.21 [1.15; 5.28] 6.2%
Atri et al., 2005 1 23 - 4.35 [0.00; 12.68] 3.8%
Nakata-Kudo et al., 2006 0 26 i : 0.00 [0.00; 0.00] 3.9%
Ochi et al., 2009 7 443 B 1.58 [0.42; 2.74] 6.3%
Brundel et al., 2014 11 49 i 2245 [10.77;34.13] 4.8%
Ham et al,, 2014 5 49 —— 10.20 [1.73; 18.68] 4.8%
Chiang et al., 2015 33 151 Lo 21.85 [15.26; 28.45] 5.9%
Gregg et al,, 2015 14 55 e 25.45 [13.94;36.97] 5.0%
Yakushiji et al., 2015 43 1451 + 2.96 [2.09; 3.84] 6.5%
Johansson et al., 2016 4 41 — 9.76 [0.67; 18.84] 4.6%
Kwon et al., 2016 35 1737 + 2.01 [1.35; 2.68] 6.5%
Barnaure et al., 2017 65 328 HE 19.82  [15.50; 24.13] 6.2%
Graff-Radford et al., 2017 155 1072 ;. 14.46  [12.35;16.56] 6.4%
Mitaki et al., 2017 33 4024 i : 0.82 [0.54; 1.10] 6.5%
Wollenweber et al., 2017 8 372 = 2.15 [0.68; 3.62] 6.3%
Mendes et al., 2018 1 19 = 5.26 [0.00; 15.30] 3.5%
Zhang et al., 2018 35 819 = 4.27 [2.89; 5.66] 6.4%
Wang et al., 2019 32 659 + 4.86 [3.21; 6.50] 6.4%
Overall 491 11598 | <> | | I I | 6.62 [3.81;10.05] 100.0%
Heterogeneity: 1% =97% , t* =0.0143
X2, = 521.06 y( p<001) 0 20 40 60 80 100

Prevalence strictly lobar cerebral microbleeds (%)
D
Study Events N Prevalence 95% CI Weight
Yates et al., 2014 1 97 ® 1.03 [0.00; 3.04] 20.7%
Wollenweber et al., 2017 2 372 © 0.54 [0.00; 1.28] 79.3%
Overall 3 469 [ 0.52 [0.01; 1.52] 100.0%

[ T T T T 1

0 20 40 60 80 100
Prevalence cortical superficial siderosis (%)

Heterogeneity: 1?=0% , =0
X2=051 (p=047)

FIGURE 4 Forest plots showing the prevalence in cognitively normal elderly of moderate-to-severe cerebral amyloid angiopathy (CAA)
pathology (A), probable CAA according to the (modified) Boston criteria (B), strictly lobar cerebral microbleeds (C), and cortical superficial
siderosis (D). CAA, cerebral amyloid angiopathy
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Study Events N Prevalence 95% ClI Weight
Ishihara et al., 1991 13 50 — 26.00 [13.84;38.16] 24.4%
Attems et al., 2008 45 115 - 39.13  [30.21; 48.05] 25.1%
Tang et al., 2013 33 974 <> 3.39 [2.25; 4.52] 25.5%
Rodrigues et al., 2018 42 110 N 38.18  [29.10; 47.26] 25.0%
Overall 133 1249 —— 24.09 [3.75;54.09] 100.0%
[ I T I I ]
Heterogeneity: /% =98% , T°=0.0977
X2=186.45 (p <0.01) 0O 20 40 60 8 100
Prevalence moderate to severe CAA (%)
Study Events N Prevalence 95% Cl Weight
Segal et al., 1999 15 45 —'—— 33.33 [19.56; 47.11] 13.1%
Charidimou et al., 2013 53 121 S B 43.80 [34.96; 52.64] 14.2%
Marti-Fabregas et al., 2016 45 439 - 10.25 [7.41; 13.09] 14.7%
Pasi et al., 2018 191 482 - 39.63  [35.26;43.99] 14.7%
Shoamanesh et al., 2018 13 167 i} 7.78 [3.72;11.85] 14.4%
Tsai et al., 2018 15 214 || 7.01 [3.59; 10.43] 14.5%
Xu et al., 2019 26 184 B 14.13 [9.10; 19.16] 14.4%
Overall 358 1652 —~— 20.21 [9.45;33.67] 100.0%
[ I I I I ]
Heterogeneity: 1?=97% , > =0.0400
Xé =217.82 (p<001) 0 20 40 60 80 100
Prevalence probable CAA (%)
Study Events N Prevalence 95% Cl Weight
Fazekas et al., 1999 2 11 —'— 18.18 [0.00; 40.97] 3.2%
Haussen et al., 2012 39 163 “E 23.93  [17.38;30.48] 12.2%
Ghelmez et al., 2013 4 24 —— 16.67 [1.76; 31.58] 5.6%
Marti-Fabregas et al., 2013 17 44 P —— 38.64  [24.25;53.02] 7.8%
Ovbiagele et al., 2013 22 197 - 11.17 [6.77; 15.57] 12.6%
Laible et al., 2015 18 97 —. 18.56  [10.82;26.29] 10.7%
Biffi et al., 2016 136 522 D 26.05  [22.29; 29.82] 14.2%
Tsai et al., 2017 8 57 —— 14.04 [5.02; 23.05] 8.8%
Shoamanesh et al., 2018 30 167 . 17.96  [12.14;23.79] 12.3%
Xuetal., 2019 27 184 - 14.67 [9.56; 19.79] 12.5%
Overall 303 1466 > 19.17 [14.62;24.13]  100.0%

0 20 40 60 80 100
Prevalence strictly lobar cerebral microbleeds (%)

Heterogeneity: 1*=75% , 1% =0.0058
X2=36.61 (p<0.01)

Study Events N Prevalence 95% Cl  Weight
Boulouis et al., 2016 74 418 - 17.70  [14.04; 21.36] 26.3%
Suda et al., 2017 7150 B 467  [1.29; 8.04] 23.8%
Moulin et al., 2018 49 258 - 18.99  [14.21;23.78] 25.4%
Xu et al., 2019 44 184 —'— 23.91 [17.75; 30.08] 24.5%
Overall 174 1010 - 15.61 [8.92;23.74]  100.0%
[ T I I I 1
H%terogeneity: 2 =90% , > =0.0097
X3 =30.76 (p<0.01) 0 20 40 60 80 100

Prevalence cortical superficial siderosis (%)

FIGURE 5 Forest plots showing the prevalence in patients with intracerebral hemorrhage of moderate-to-severe cerebral amyloid angiopathy
(CAA) pathology (A), probable CAA according to the (modified) Boston criteria (B), strictly lobar cerebral microbleeds (C), and cortical superficial
siderosis (D). CAA, cerebral amyloid angiopathy
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Study Events N Prevalence 95% CI Weight
Itoh et al., 1993 9 29 — 31.03  [14.20;47.87] 18.6%
Knudsen et al., 2001 29 39 P 74.36  [60.65; 88.06] 20.0%
Doden et al., 2016 22 48 —a 45.83  [31.74;59.93] 20.9%
Lin et al., 2018 21 29 —‘—— 72.41 [56.15; 88.68] 18.6%
Rodrigues et al., 2018 36 62 — 58.06  [45.78; 70.35] 21.9%
Overall 117 207 —— 56.68 [41.74;71.04] 100.0%
[ I I I I 1
Heterogeneity: 1% =78% ,T°=0.0214
Xi 1803 (p <001 ) 0 20 40 60 80 100
Prevalence moderate to severe CAA (%)
Study Events N Prevalence 95% CI Weight
Greenberg et al., 1996 27 45 ——'— 60.00  [45.69; 74.31] 19.6%
Jamieson et al., 2012 6 53 —_ 11.32 [2.79; 19.85] 19.9%
Charidimou et al., 2013 53 76 e 69.74  [59.41; 80.07] 20.4%
Renard et al., 2016 24 35 —— 68.57  [53.19; 83.95] 19.1%
Viguier et al., 2019 72 165 . 43.64  [36.07;51.20] 21.1%
Overall 182 374 ——— 49.62 [29.05; 70.26] 100.0%
[ I I I I 1
Heterogeneity: /% =93% , T>=0.0522
Xi =60.79 (p <0.01) 0 20 40 60 80 100
Prevalence probable CAA (%)
Study Events N Prevalence 95% ClI Weight
Boulouis et al., 2016 72 254 — 28.35  [22.80; 33.89] 43.2%
Renard et al., 2016 17 35 — 48.57  [32.01;65.13] 18.2%
Viguier et al., 2019 50 165 . 30.30  [23.29;37.32] 38.6%
Overall 139 454 - 32.50 [24.65; 40.86] 100.0%
[ T I I I ]
i . 2 — 0, 2 —
Heterogeneity: /°=63% , T" =0.0034 0 20 20 60 30 100

X2 =546 (p=007)

Prevalence cortical superficial siderosis (%)

FIGURE 6 Forest plots showing the prevalence in patients with lobar intracerebral hemorrhage of moderate-to-severe cerebral amyloid
angiopathy (CAA) pathology (A), probable CAA according to the (modified) Boston criteria (B), and cortical superficial siderosis (C). CAA, cerebral

amyloid angiopathy

pooled prevalence of cortical superficial siderosis was 32.5% (95% Cl:
24.7-40.9, Figure 6C).

For the results of meta-regression analyses of pathology studies, we
refer to Appendix G, Table 3, and for the results of meta-regression
analyses of MRI studies, we refer to Appendix H, Table 4. Part 2: Con-
solidated methods and results contains a discussion on the statistically
significant modifiers of CAA prevalence in pathology and MRI stud-
ies. Here, we discuss results for modifiers that did not significantly
affect CAA prevalence. We found that in pathology studies, neither
the number of investigated cortical regions, type of amyloid staining,
type of study design, definition (clinical vs neuropathological) of AD
or cognitively normal elderly, nor publication year affected the preva-
lence of moderate-to-severe CAA. In imaging studies, we found no

effect of the use of SWI or T2* sequence, or the percentage of indi-

viduals with hypertension, on the prevalence of strictly lobar cerebral
microbleeds.

Meta-analyses using generalized linear mixed models yielded simi-
lar pooled estimates (the 95% Cls substantially overlapped and point
estimates of prevalence were comparable) as the main random effects
model using the double arsine transformation (Appendix J). Leave-one-
out analyses and removal of multiple outliers only slightly altered the

overall pooled estimates in some groups (Appendix K).
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