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Abstract: In a collaboration involving 11 groups with research interests in cerebral amyloid angiopathy (CAA), we 
used a two-stage process to develop and in turn validate a new consensus protocol and scoring scheme for the 
assessment of CAA and associated vasculopathic abnormalities in post-mortem brain tissue. Stage one used an 
iterative Delphi-style survey to develop the consensus protocol. The resultant scoring scheme was tested on a series 
of digital images and paraffin sections that were circulated blind to a number of scorers. The scoring scheme and 
choice of staining methods were refined by open-forum discussion. The agreed protocol scored parenchymal and 
meningeal CAA on a 0-3 scale, capillary CAA as present/absent and vasculopathy on 0-2 scale, in the 4 cortical lobes 
that were scored separately. A further assessment involving three centres was then undertaken. Neuropathologists 
in three centres (Bristol, Oxford and Sheffield) independently scored sections from 75 cases (25 from each centre) 
and high inter-rater reliability was demonstrated. Stage two used the results of the three-centre assessment to 
validate the protocol by investigating previously described associations between APOE genotype (previously deter-
mined), and both CAA and vasculopathy. Association of capillary CAA with or without arteriolar CAA  with APOE ε4 
was confirmed. However APOE ε2 was also found to be a strong risk factor for the development of CAA, not only in 
AD but also in elderly non-demented controls. Further validation of this protocol and scoring scheme is encouraged, 
to aid its wider adoption to facilitate collaborative and replication studies of CAA. 
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Introduction 

Cerebral amyloid angiopathy (CAA) is a disease 
in which amyloid is deposited within the walls 
of meningeal and parenchymal blood vessels 
– predominantly arteriolar and scanty venous 
deposits but occasionally involving capillaries. 
Most cases are sporadic and result from the 
accumulation of the Alzheimer’s disease (AD)-
associated amyloid-β peptide (Aβ), although 
rare autosomal dominant mutations of a num-
ber of genes produce vascular accumulation of 

amyloid composed of other proteins such as 
cystatin C, ABri and ADan. Sporadic CAA affects 
approximately 30% of the neurologically-normal 
elderly [1] and 90-100% of those with AD [2]. It 
is most often asymptomatic but can cause or 
contribute to dementia [3], cerebral haemor-
rhage [4, 5] and ischaemic damage [2, 6-8]. 

The aetiology of sporadic CAA is unclear. 
However extensive work carried out by Weller 
[9] and others over the last decade suggests 
that sporadic CAA is a protein-elimination-fail-
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ure arteriopathy [10-12], whereby impairment 
of perivascular ‘lymphatic’ drainage, endotheli-
al transport and degradation of Aβ by cerebro-
vascular smooth muscle cells and perhaps 
perivascular macrophages participate (to vary-
ing degrees) in the perivascular build up of Aβ 
and development of CAA. Contributing factors 
are likely to include the effects of age on the 
thickness, composition and compliance of the 
perivascular basement membranes of cerebral 
arterioles along which interstitial fluid drains 
from the brain. Weller et al. proposed that this 
drainage is driven by the systolic pulsation of 
the blood vessels [13]. Genetic factors are 
probably also important, particularly the APOE 
genotype, which was reported to influence the 
development of CAA by altering the relative pro-
portions of Aβ40:Aβ42 [14] and is also associ-
ated with the level and activity of the 
Aβ-degrading enzyme neprilysin in cerebrovas-
cular smooth muscle cells [11, 15]. Capillary 
CAA on the other hand has been suggested to 
be primarily caused by reduced transendothe-
lial clearance of Aβ-APOE4 protein complexes 
[16, 17].

Several early studies found a relationship 
between APOE genotype and the severity of 
CAA in patients with AD, patients with one or 
two copies of the APOE ε4 allele having more 
severe CAA than those without an ε4 allele [4, 
18, 19], although others found that there was 
no relationship [20, 21]. A recent systematic 
review and meta-analysis of all published stud-
ies on APOE and CAA supported the associa-
tion for the presence of a dose dependent 
association between APOE ε4 and sporadic 
CAA [22, 23]. Thal et al. [16, 17] has also report-
ed that sporadic CAA could be subdivided into 
two distinct entities: (A) type 1 CAA, character-
ised by the presence of capillary Aβ with or 
without Aβ deposition in arterial vessels; (B) 
type 2 CAA in which Aβ deposition is restricted 
to arterial vessels. 

These authors found that regardless of the 
presence or absence of AD, only CAA type 1 
was strongly associated with APOE ε4 [16, 17], 
whereas type 2 was associated with APOE ε2. 
APOE genotype was also reported to be associ-
ated with vasculopathic abnormalities and 
cerebral haemorrhage in CAA. Nicoll et al. found 
that APOE ε2 allele was significantly over-repre-
sented in CAA-associated cerebral haemor-

rhage [5]. Greenberg et al. concluded that APOE 
ε4 increased CAA severity by enhancing Aβ 
deposition within cerebral blood vessels whilst 
APOE ε2 promoted the vasculopathic changes 
which led to vessel rupture [24]. 

Rationale

Sporadic CAA is a major focus of research by 
many groups in several countries. CAA has con-
siderable co-morbidity with AD, the most com-
mon form of dementia and one of the largest 
health care challenges of modern times. It is 
therefore somewhat surprising that there is no 
generally agreed protocol for the assessment 
of CAA in post-mortem brain tissue [25-27]. In 
contrast there are widely used protocols for the 
diagnosis and staging of AD pathology [28] and 
these have greatly facilitated AD research. The 
need to develop a broadly-accepted protocol 
for the assessment of CAA, to facilitate 
research collaboration and improve reproduc-
ibility of findings between different groups, was 
strongly endorsed at the 2nd International 
Conference on CAA in Newcastle, UK in 2002. 
The present paper describes the use of the 
Delphi method co-ordinated by the Dementia 
Research Group in the University of Bristol to 
develop, appraise, validate and apply such a 
protocol in collaboration with other research 
groups in the United Kingdom, mainland 
Europe, North America and Japan. The process 
is outlined in Figure 1.

Methods

Stage 1 – development of protocol

A literature review was first carried out to iden-
tify research groups that had published on CAA 
in post-mortem human brain tissue. Sixteen 
research groups were contacted by email and 
asked if they were they willing to participate in 
the development of a consensus protocol for 
assessment of CAA. Representatives from 12 
of the 16 groups consented. A Delphi-style sur-
vey [29, 30] was initiated using an online sur-
vey tool (Bristol Online Surveys (http://www.
survey.bris.ac.uk/)) hosted by the University of 
Bristol. A uniform resource locator (URL) web-
link specific to each round of the survey was 
provided by email to the participants and all 
questions were completed online completely 
anonymised. The protocol development phase 
took 6 rounds to complete. 
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In round 1, participants were asked to list the 
principles and objectives that they believed 
should form the structure of the protocol. In 
round 2, participants were asked to score each 
principle or objective and for its perceived 
importance (Tables 1 and 2). In round 3 the 
cumulative scores were circulated to all partici-
pants, who were asked again, in the light of 
these scores, for their views, particularly in 

relation to potentially contradictory principles 
or objectives (e.g. that the assessment protocol 
should (i) avoid prior assumptions about the 
relationship of CAA to infarcts or haemorrhage, 
but (ii) integrate clinical and radiological infor-
mation in the assessment). This yielded agree-
ment which implied that the highest scores 
should determine the principles and objectives 
to be adopted for the assessment protocol. In 

Figure 1. Flow diagram of the CAA consensus protocol process. A protocol was developed by CAA researchers us-
ing a modified Delphi method before being implemented by participants using images and sections of Aβ immu-
nolabelled and H&E stained brain sections. The protocol was then validated by the assessment of 75 cases by 3 
neuropathologists and inter-rater reliability determined. The results from the validation process were then used to 
investigate the relationship between APOE genotype, CAA severity and vasculopathy. 

Table 1. Principles suggested and scored by participants
Principle Cumulative score
Enable valid comparisons between cohorts 33
Subject to scientific validation 33
Achieve high intra- and inter-rater reliability 32
User-friendly and easy to apply 30
Include several relevant regions of brain 29
Should not require specialised equipment 29
Record association with other pathological findings 25
Avoid prior assumptions about biological relevance of CAA (i.e. avoid assessing severity ac-
cording to the absence of presence of findings such as infarcts or haemorrhage) 25

Assessment of CAA based on labelling with antibodies 24
Highly sensitive to detection of mild CAA 22
Relate score to clinical as well as pathological features 19
Based on same blocks as used for CERAD assessment 18
Demonstrate amyloid nature of vascular deposits, in addition to Aβ on immunohistochemistry 15
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round 4 participants were asked to consider 
more detailed aspects of an assessment proto-
col: to indicate what antibodies or stains they 
would use, at what magnification they would 
make the assessments, and to submit a sam-
ple protocol taking account of the principles 
and objectives previously agreed. In round 5 all 
sample protocols were fed back to the partici-
pants, who were asked to score each one 
according to how well it was thought to fulfil the 
agreed principles and objectives. The protocols 
were then ranked according to cumulative 

score, the common elements were extracted 
from the protocols with the highest scores and 
a hybrid protocol was formulated (Table 3). In 
round 6 the hybrid protocol was sent to all par-
ticipants, who were asked to comment on its 
suitability. All participants agreed that the sug-
gested protocol was suitable for the assess-
ment of CAA.

Stage 2 – appraisal

To assess the ease of use of the protocol and 
the reproducibility of the assessments, sec-
tions from 3 cases of CAA were (i) stained with 
Harris’s haematoxylin and eosin (H&E); (ii) 
labelled with an agreed antibody to Aβ (Signet 
4G8, distributed by Covance, UK; 1:16,000 
overnight) by standard avidin-biotin-peroxidase 
immunohistochemistry after pre-treatment 
with 100% formic acid for 20 minutes, and (iii) 
sections were also stained with Martius scarlet 
blue (MSB) and phosphotungstic acid/haema-
toxylin (PTAH) when fibrinoid necrosis was sus-
pected. Many photomicroscope images of the 
stained sections were circulated to the partici-
pants for scoring of the severity of CAA and for 
comment on the presence or absence or vascu-
lopathy and capillary CAA, according to the 
agreed protocol. Scores were collated and fed 
back to the participants. The results showed 
that inter-rater reliability was good when scor-
ing meningeal, parenchymal and capillary CAA 

Table 2. Objectives suggested and scored by participants
Objective Cumulative score
Separate assessment of leptomeningeal and parenchymal CAA 28
Clear indication in assessment summary of regions affected 28
Record ‘secondary’ pathologies such as fibrinoid necrosis 26
Obtain an overall score of CAA severity 26
Categorise according to type of affected vessel in each region (i.e. arterioles and capillaries) 26
Allow for grading of CAA in biopsy as well as autopsy material 22
Allow for integration of clinical and radiological information in the assessment 18
Score severity according to maximum severity observed in any region 17
Take APOE genotype into account 13

Table 3. Hybrid protocol for scoring CAA and CAA-associated vasculopathy 
Score Parenchymal CAA Meningeal CAA Capillary CAA Vasculopathy
0 Absent Absent Absent Absent
1 Scant Aβ deposition Scant Aβ deposition Present Occasional vessel
2 Some circumferential Aβ Some circumferential Aβ Many vessels
3 Widespread circumferential Aβ Widespread circumferential Aβ

Table 4. Mean age, SD and minimum and 
maximum ages of AD and control cases in 
the three participating cohorts 
Cohort N Mean SD Min Max
Oxford - AD 20 80.9 6.8 66 91
Oxford - control 5 83.2 7.3 77 92
Oxford - total 25 81.4 6.8 66 92
CFAS - AD 11 89.5 6.4 79 102
CFAS - control 4 83.0 6.3 76 91
CFAS - total 15 87.7 6.8 76 102
Bristol - AD 20 78.2 10.2 60 95
Bristol - control 5 87.6 5.6 80 94
Bristol - total 25 80.0 10.1 60 95
Total - AD 51 81.7 9.1 60 102
Total - control 14 84.7 6.32 76 94
Total 65 82.3 8.7 60 102
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but there was variability in the scoring of vascu-
lopathy. Participants were asked to comment 
on how the identification of vasculopathy could 
be improved and the responses were circu- 
lated. 

Unstained formalin-fixed paraffin-embedded 
sections of frontal and temporal cortex from 3 
AD cases with differing CAA severity were then 
sent to all participants for staining (Aβ and 
H&E) and scoring. Once again the consistency 

of assessment of parenchymal and meningeal 
CAA was good. However there was variation in 
the detection of capillary CAA and vasculopath-
ic abnormalities. 

The 3rd International Conference on CAA in 
Reykjavik, Iceland in 2007 provided an oppor-
tunity for the study to be discussed in an open 
meeting chaired by KC, who presented the 
results of the appraisal rounds. Most of the 
researchers who were involved in the study, as 

Figure 2. CAA severity scores – representative examples. The sections have been immunolabelled for Aβ. A and B. 
Illustrate an arteriolar CAA severity score of 3 in the leptomeninges and cerebral cortex, with Aβ in most arterioles 
and circumferential deposition in many. C and D. Illustrate a CAA severity score of 2 in both meninges and paren-
chyma. Several arterioles show Aβ deposition, in some cases circumferential. E and F. Illustrate sections in which 
the arteriolar CAA score was 1. Most fields lacked any vascular Aβ; the arrows indicate the only Aβ-positive vessels 
within the sections. The scale bars in A-D represent 400 µm, those in E and F 100 µm.
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well as some who were not, discussed ways to 
improve the recognition of capillary CAA and to 
score and record vasculopathic abnormalities.

In the final round of the protocol appraisal, 
opinions were solicited on the stains to be used 
to detect capillary CAA and fibrinoid necrosis. 
Agreement was reached that the pan-Aβ anti-
body was adequate to detect capillary CAA. 
Participants felt that fibrinoid necrosis was too 
infrequent to warrant the routine use of MSB or 
PTAH to detect it but that either of these stains 
should be used when fibrinoid necrosis was 
suspected on examination of H&E-stained 
sections.

Stage 3 – validation

Following the development of the protocol, a 
Network Cooperation grant was obtained from 
the Alzheimer’s Research Trust (now Alzheimer’s 
Research UK) to carry out a validation study of 
the consensus protocol. Three centres with 
access to post-mortem brain tissue (Bristol, 
Oxford and Sheffield (CFAS cohort)) agreed to 

take part in the validation study. The intention 
was to examine 20 AD (CERAD definite, Braak 
tangle stage IV-VI) and 5 control cases (neuro-
logically normal, CERAD no AD, Braak 0-II) with 
available APOE genotypes, were selected from 
each centre. Details regarding the composition 
of the cohorts received from each centre, 
including mean age, age range and standard 
deviation are provided in Table 4. Paraffin sec-
tions (7 µm) were cut from the frontal, tempo-
ral, parietal and occipital lobes blocks for all 
cases, and were sent to Bristol for staining and 
immunolabelling. Sections from Bristol were 
cut from large brain blocks and mounted on 
glass slides measuring 3 x 1.5 inches. Sections 
from Oxford and CFAS cohorts were cut from 
smaller blocks and mounted on 3 x 1 inch glass 
slides; whilst the blocks were smaller than 
those from Bristol; the sections nonetheless 
largely filled the area of the slide adjacent to 
the label. 

For CAA staining, approximately 300 sections 
(one each from the frontal, temporal, parietal 
and occipital lobes for each of the cases stud-
ied) were immunolabelled with 4G8 antibody to 
Aβ as described above. For assessment of vas-
culopathy, sections from all of the blocks were 
also stained with H&E. All of the stained sec-
tions from each centre were anonymised in 
terms of diagnosis and circulated to the partici-
pating neuropathologists (ME, PI, SL) for 
assessment of CAA and vasculopathy accord-
ing to the agreed protocol that is summarised 
in Table 3. Under x10 objective the whole sec-
tion was scanned and allocated a score for CAA 
severity that best fitted the description in Table 
3. More detailed descriptions of the type of vas-
culopathy (thrombosis, micro-haemorrhage, 
concentric splitting of vessel wall, or fibrinoid 
necrosis) were recorded for future reference. 
Figures 2-4 provide illustrative examples of 
arteriolar CAA of varying severity, capillary CAA 
and examples of vasculopathy. Scores were 
sent to Bristol for collation and then externally 
to FM and TM for statistical analysis indepen-
dent of the project co-ordinators. To determine 
the prevalence of parenchymal, meningeal and 
capillary CAA and vasculopathy the median 
score for each of the four brain regions was 
assessed for each case. The median score of 
the 3 assessors for each case was also calcu-
lated for all CAA types and vasculopathy. 

Figure 3. Aβ immunolabelling of capillary CAA in the 
occipital cortex. A. Florid capillary CAA. B. Capillary 
CAA with concomitant severe arteriolar CAA. Sec-
tions with any capillary CAA score 1, those with no 
capillary CAA score zero. The scale bars represent 50 
µm in A, 100 µm in B.
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Statistical analysis

Inter-rater reliability: The extent of agreement 
between the three raters in relation to: severity 
of parenchymal, meningeal and capillary CAA 
as well as vasculopathy, in the four different 
brain areas, was assessed by calculating 
Gwet’s AC2 coefficients. The choice of this 
method was based on the fact that this is a 
paradox-resistant alternative to Kappa’s coeffi-
cient when the overall percentage agreement is 
high [31]. The coefficient calculations were per-
formed using Agreestat 2011.2 programme 
(Advanced Analytics, Gaithersburg, MD, USA). 
An AC2 coefficient of zero suggested that any 
agreement was due to chance. The extent of 
agreement was assessed using the benchmark 
proposed by Landis and Koch [32], a coefficient 
>0.6 indicating substantial agreement and a 
value >0.8 near-perfect agreement. A p value 
<0.05 suggested that agreement was not due 
to chance.

Relationships between APOE, CAA and vascu-
lopathy: The effect of the number of APOE ε2 

and ε4 alleles on the occurrence of AD was 
assessed by Fisher’s exact test. The effects of 
APOE on CAA and vasculopathy were investi-
gated by a weighted cross-tabulation for multi-
ple readers, design-based F test, and then fur-
ther quantified by weighted logistic, ordered 
logistic regression adjusted for cohort source 
and case-control status. The presence of APOE 
alleles (ε2 and ε4) was adjusted (for each other) 
within the analysis. Results presented are the 
odds of the APOE ε2 or ε4 allele increasing the 
likelihood of CAA and vasculopathy. A 95% con-
fidence interval was calculated for the odds 
ratio (OR). A p value <0.05 was regarded as sta-
tistically significant.

Results

Agreement of protocol

The aim of this study was to develop a protocol 
for the assessment of CAA severity in post-mor-
tem tissue by collating opinions from experts in 
the CAA field. This was achieved using a Delphi-
style questionnaire methodology. The most 

Figure 4. Examples of CAA-associated vasculopathy. A. Fibrinoid necrosis, confirmed here by staining with phos-
photungstic acid/haematoxylin. B. Thrombosis of a vessel shown in an adjacent section to contain Aβ. C. Micro-
haemorrhage adjacent to a small amyloid-laden arteriole. D. Concentric splitting of the wall of amyloid-laden vessels 
(‘double-barrelling’). Sections are scored as zero if there is no vasculopathy, 1 if only occasional vessels are affected 
and 2 if many vessels are affected. The scale bars represent 100 µm in A and B, and 50 µm in C and D.
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prevalently suggested objectives by partici-
pants were integrated to form a protocol that 
was then put forward for validation. The key 
objectives were to score parenchymal and 
meningeal CAA separately; to record individual 
regional scores; to identify capillary CAA and to 
record secondary pathologies such as fibrinoid 
necrosis, all in a number of regions of cortex to 
include the occipital lobe (Table 2).

These objectives were incorporated into a pro-
tocol (Table 3) that involved scoring parenchy-
mal and meningeal CAA individually on a 0-3 
scale, capillary CAA as present/absent and vas-
culopathy on a 0-2 scale in designated 
Brodmann areas from the frontal, temporal, 
parietal and occipital lobes of a cohort of brains 
from three collaborating centres (Table 4). 

Outcome of validation exercise

Table 5 shows Gwet’s AC2 coefficients for 
parenchymal, meningeal and capillary CAA and 
vasculopathy for each individual brain region 
assessed and all brain regions combined. In 
general all levels of severity of CAA, presence 
or absence of capillary CAA and presence or 
absence of vasculopathy were seen to have 
AC2 coefficients greater than 0.8, implying 

near-perfect agreement. The only exceptions 
were for parenchymal CAA in the temporal lobe 
(AC2=0.776) and parenchymal (0.785) and 
capillary CAA (0.638) in the occipital lobes, 
where agreement was nonetheless substan-
tial. Importantly all variables had p values 
<0.001 indicating that agreement was not due 
to chance. 

Having achieved near perfect agreement in 
most assessments of parenchymal, meningeal 
and capillary CAA and vasculopathy, we deter-
mined whether relationships previously report-
ed between CAA, vasculopathy and APOE geno-
type applied to the data obtained by the three 
independent raters in our validation study. The 
analysis was performed on a final cohort of 51 
AD and 14 control cases for which APOE geno-
type data was available. 

APOE as a risk factor for AD

Before assessing relationships with CAA and 
vasculopathy we firstly looked to confirm the 
established relationship between the APOE ε4 
allele and the occurrence of AD [33] (Table 6). 
The APOE ε4 allele frequency was higher in AD 
cases and the number of ε4 homozygotes was 
also greater than in controls. The cumulative 

Table 5. Inter-rater reliability on the neuropathological burden according to brain regions
Brain Areas Neuropathological burden Gwet’s AC2 coefficient Standard Error 95% CI (AC2) p-value***

All pCAA 0.857 0.050 0.758 to 0.957 <0.001
mCAA 0.886 0.042 0.801 to 0.971 <0.001

capCAA 0.875 0.047 0.782 to 0.969 <0.001
vasculopathy 0.969 0.019 0.93 to 1.000 <0.001

Frontal pCAA 0.823 0.040 0.743 to 0.902 <0.001
mCAA 0.853 0.041 0.771 to 0.935 <0.001

capCAA 0.939 0.032 0.876 to 1.000 <0.001
vasculopathy 0.959 0.035 0.889 to 1.000 <0.001

Temporal pCAA 0.776 0.071 0.635 to 0.917 <0.001
mCAA 0.887 0.056 0.774 to 0.999 <0.001

capCAA 0.810 0.077 0.656 to 0.964 <0.001
vasculopathy 0.931 0.034 0.862 to 0.999 <0.001

Parietal pCAA 0.865 0.032 0.802 to 0.929 <0.001
mCAA 0.882 0.040 0.803 to 0.961 <0.001

capCAA 0.902 0.035 0.832 to 0.972 <0.001
vasculopathy 0.993 0.006 0.982 to 1.000 <0.001

Occipital pCAA 0.785 0.058 0.670 to 0.901 <0.001
mCAA 0.849 0.068 0.714 to 0.984 <0.001

capCAA 0.638 0.086 0.467 to 0.808 <0.001
vasculopathy 0.972 0.020 0.932 to 1.000 <0.001

Significance at ***p<0.001. pCAA: parenchymal CAA, mCAA: meningeal CAA, capCAA: capillary CAA.
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frequency of the APOE ε2 allele was clearly ele-
vated in controls compared to AD cases 
(Fisher’s exact test, p=0.030). When compar-
ing the cumulative frequency between cohorts, 
there were no significant differences in the dis-
tribution of the number of the APOE ε2 alleles 
among controls (p=0.667) or among AD (p= 
0.521), no difference was noticed also in the 
distribution of the number of the APOE ε4 
alleles (controls, p=0.800; AD, p=0.856) 
according to Fisher’s exact test. 

CAA prevalence

Non-demented elderly controls: 
Across all four regions investigated 
(frontal, temporal, parietal and 
occipital lobes), CAA was evident in 
78.5-85.7% of cases: 50.0-64.3% 
of all cases had parenchymal CAA, 
78.5-85.7% had meningeal CAA 
and 7.1-14.3% had capillary CAA.

CAA was most prevalent in the 
occipital lobe 85.7% followed by the 
temporal (78.6%), parietal (71.4%) 
and frontal (64-71.4%) lobes. 
Capillary CAA was considerably 
more abundant in the occipital lobe 
(21.4%) than the frontal (7.1%), 
parietal (7%) and temporal (0-7.1%) 
lobes. 

AD cases: CAA was found in 82.4-
94.1% of the cases assessed: 
66.680.4% of all cases had paren-
chymal CAA, 80.4-92.2% meninge-
al CAA and 7.8-23.5% capillary CAA. 

The most affected region was the 
occipital lobe, in which 92.2-

Table 6. APOE allele frequencies in AD and control cases

Diagnosis Centre
APOE alleles Number of ε4 alleles Number of ε2 alleles

ε2 ε3 ε4 0 1 2 0 1 2
AD Bristol 0.025 0.625 0.350 0.500 0.300 0.200 0.950 0.050 0.000
n=51 Oxford 0.075 0.500 0.425 0.400 0.350 0.250 0.850 0.150 0.000

CFAS 0.000 0.727 0.273 0.545 0.364 0.091 1.000 0.000 0.000
Cumulative 0.039 0.598 0.363 0.471 0.338 0.153 0.922 0.078 0.000

Control Bristol 0.200 0.700 0.100 0.800 0.200 0.000 0.800 0.000 0.200
n=14 Oxford 0.100 0.700 0.200 0.600 0.400 0.000 0.800 0.200 0.000

CFAS 0.375 0.375 0.250 0.500 0.500 0.000 0.500 0.250 0.250
Cumulative 0.214 0.607 0.179 0.643 0.357 0.000 0.714 0.142 0.142

p (Fisher’s exact test) 0.007 1.000 0.072 0.192 0.032

Table 7. Relationship between APOE ε4, CAA and vasculopa-
thy in control and AD brains

  Unadj p OR 95% CI (OR) p
All pCAA 0.030 1.79 (1.00-3.21) 0.050

mCAA <0.001 1.69 (0.92-3.10) 0.089

capCAA 0.176 1.55 (0.68-3.50) 0.293
vasculopathy 0.967 0.66 (0.28-1.54) 0.337

Frontal pCAA 0.204 1.73 (0.99-3.02) 0.056
mCAA <0.001 2.29 (1.28-4.12) 0.006**

capCAA 0.936 0.94 (0.32-2.75) 0.916
vasculopathy 0.688 0.59 (0.21-1.64) 0.310

Temporal pCAA 0.130 1.27 (0.71-2.30) 0.421
mCAA 0.045 1.37 (0.78-2.40) 0.271

capCAA 0.606 1.33 (0.53-3.35) 0.547
vasculopathy 0.159 0.41 (0.14-1.22) 0.109

Parietal pCAA 0.182 1.27 (0.71-2.28) 0.418
mCAA 0.000 1.32 (0.73-2.37) 0.356

capCAA 0.708 0.87 (0.34-2.25) 0.779
vasculopathy 0.589 0.75 (0.27-2.05) 0.572

Occipital pCAA 0.001 2.79 (1.54-5.04) 0.001***

mCAA 0.012 1.87 (1.01-3.49) 0.048*

capCAA <0.001 3.60 (1.88-6.90) <0.001***

vasculopathy 0.024 2.61 (1.19-5.71) 0.017*

Significance at *p<0.05, significance at **p<0.01, significance at ***p<0.001.

100.0% of cases had some evidence of arterio-
lar CAA. The parietal lobe was least affected 
(76.5-80.4%). Capillary CAA was most com-
monly observed in the occipital lobe (35.3-
47.1%), followed by the temporal (7.8-19.6%), 
parietal (7.8-17.7% and frontal (5.9-11.8%) 
lobes.

APOE as a risk factor for CAA

We investigated the association between APOE 
genotype and the presence and distribution of 
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CAA (Tables 7-10). When AD and non-dement-
ed elderly controls were combined (Table 7), 
the association between CAA and APOE ε4 was 
strong in the frontal lobe, where ε4 was associ-
ated with meningeal CAA, and in the occipital 
lobe, where ε4 was associated with parenchy-
mal, meningeal and capillary CAA and vascu-
lopathy. However possession of APOE ε2 was 
associated with a considerably increased likeli-
hood of CAA in AD and controls combined 
(Table 8), especially so for parenchymal and 
meningeal CAA and capillary CAA in the parietal 
lobe and 4 regions combined.

When we looked at the non-demented elderly 
controls separately (Table 9), APOE ε2 was 
strongly associated with CAA in both the paren-
chyma and meninges in all four regions sepa-
rately and combined. Conversely, APOE ε4 was 
significantly associated only with parenchymal 
CAA in the occipital lobe. Only one control case 
had capillary CAA and very few had any 
vasculopathy.

In AD the association of the APOE ε2 allele with 
CAA was strong in both the parenchyma and 
meninges in all four regions both separately 

and combined (Table 10) except 
for the occipital parenchymal CAA. 
In AD the association between 
meningeal CAA and APOE ε4 allele 
was strong in the four areas com-
bined, frontal and occipital lobes, 
and parenchymal CAA in the occipi-
tal lobe were associated with APOE 
ε4. 

Relationship between APOE geno-
type and CAA type

Tables 11A, 11B summarise the 
relationship between APOE geno-
type and the different types of CAA 
in our series. All individuals with 
the APOE ε2/2 genotype had CAA-
Type 2 (i.e. Aβ deposition restricted 
to arterial vessels). In the uncon-
trolled weighted analysis, the odds 
ratio for CAA-Type 1 (i.e. character-
ised by the presence of capillary Aβ 
with or without Aβ deposition in 
arterial vessels) versus non-CAA-
Type 1 for the presence of APOE 
ε4/4 genotype was 10.6 (95% CI 
3.8; 29.3). When we controlled the 
analyses for cohort and diagnosis, 

Table 8. Relationship between APOE ε2, CAA and vasculopathy 
in control and AD brains

  Unadj p OR 95% CI (OR) p
All pCAA 0.001 4.38 (2.45-7.80) <0.001***

mCAA 0.001 10.93 (4.33-27.57) <0.001***

capCAA 0.160 2.91 (1.10-7.66) 0.031*

vasculopathy 0.255 0.52 (0.13-2.09) 0.357
Frontal pCAA 0.019 3.93 (2.11-7.30) <0.001***

mCAA 0.010 5.74 (2.89-11.38) <0.001***

capCAA 0.288 1.69 (0.55-5.24) 0.361
vasculopathy 0.359 0.37 (0.05-3.02) 0.352

Temporal pCAA <0.001 5.11 (2.64-9.89) <0.001***

mCAA 0.001 9.88 (3.56-27.43) <0.001***

capCAA 0.504 2.71 (0.77-9.60) 0.121
vasculopathy 0.556 2.20 (0.56-8.68) 0.257

Parietal pCAA 0.002 3.28 (1.77-6.08) <0.001***

mCAA <0.001 6.56 (2.32-18.59) <0.001***

capCAA 0.004 5.69 (1.70-18.99) 0.005**

vasculopathy 0.649 0.40 (0.05-3.09) 0.376
Occipital pCAA 0.001 3.15 (1.49-6.68) 0.003**

mCAA 0.007 7.16 (2.31-22.13) 0.001***

capCAA 0.381 1.23 (0.41-3.70) 0.714
vasculopathy 0.152 1.48 (0.27-8.24) 0.654

Significance at *p<0.05, significance at **p<0.01, significance at ***p<0.001.

this relationship was still very strong (OR 8.0 
95% CI 2.8; 23.3).

Discussion

Developed criteria

The aim of this study was to develop novel crite-
ria for scoring the severity of CAA and diagnos-
ing concomitant vasculopathy, in a stan-
dardised, reproducible and biologically mean-
ingful way. The reliability of the criteria was veri-
fied by three experienced neuropathologists 
(ME, PI and SL), whose assessment of CAA and 
vasculopathy in a cohort of AD cases and non-
demented elderly controls from 3 centres was 
analysed using Gwet’s AC2 statistic, a new sta-
tistical method designed to allow the calcula-
tion of agreement in situations where there is 
high agreement of a rare event such as that of 
the presence of capillary CAA or vasculopathy 
[31]. When we applied the arbitrary boundaries 
of Landis and Koch [32], our coefficients were 
found, in the main, to be outstanding (near-per-
fect) for arteriolar and capillary CAA and vascu-
lopathy in the four brain regions assessed. This 
was particularly encouraging for parenchymal 
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The recognition of 
capillary CAA as a 
discrete pathologi-
cal process is rela-
tively recent and the 
greater experience 
of the neuropatholo-
gists in identifying 
arteriolar CAA may 
also have contribut-
ed to the slightly dif-
ferent levels of con-
sistency in identify-
ing the two proce- 
sses.

The AC2 coefficient 
was near-perfect for 
vasculopathy. Whilst 
this is an encourag-
ing finding, in our AD 
cohort the occur-
rence of vasculopa-
thy was relatively 
rare, more so than 
that of capillary CAA. 
In part the high coef-
ficient reflects the 
agreement amongst 
the assessors that 
there was no vascu-
lopathy in the major-
ity of cases. The 
robustness of identi-
fying vasculopathy 
should perhaps be 

Table 9. Relationship between APOE ε2 and ε4 and CAA in control brains
APOE ε2 APOE ε4

OR 95% CI (OR) p OR 95% CI (OR) p
All pCAA 17.09 (3.25-89.90) 0.001*** 1.64 (0.48-5.64) 0.425

mCAA 38.73 (8.67-173.12) <0.001*** 0.53 (0.11-2.64) 0.432
Frontal pCAA 6.47 (1.13-37.07) 0.037* 2.99 (0.91-9.86) 0.071

mCAA 7.18 (1.20-42.90) 0.032* 2.21 (0.59-8.21) 0.229
Temporal pCAA 11.15 (2.51-49.61) 0.002** 0.49 (0.14-1.76) 0.266

mCAA 23.05 (5.30-100.18) <0.001*** 0.38 (0.10-1.39) 0.138
Parietal pCAA 6.31 (1.43-27.87) 0.016* 0.85 (0.23-3.10) 0.798

mCAA 19.21 (4.61-80.14) <0.001*** 0.66 (0.17-2.60) 0.549
Occipital pCAA 11.09 (2.04-60.29) 0.006** 4.56 (1.05-19.79) 0.043*

mCAA 8.87 (2.11-37.25) 0.004** 1.03 (0.20-5.34) 0.969
There were not enough cases with capillary CAA or vasculopathy for statistical analysis. Signifi-
cance at *p<0.05, significance at **p<0.01, significance at ***p<0.001.

Table 10. Relationship between APOE ε2 and ε4 and CAA in AD brains
APOE ε2 APOE ε4

  OR 95% CI (OR) p OR 95% CI (OR) p
All pCAA 2.60 (1.35-5.03) 0.005** 1.71 (0.90-3.27) 0.102

mCAA 8.03 (2.77-23.27) <0.001** 2.14 (1.09-4.21) 0.028*

Frontal pCAA 2.56 (1.22-5.36) 0.013* 1.44 (0.78-2.67) 0.243
mCAA 6.03 (2.14-16.96) 0.001*** 2.37 (1.21-4.65) 0.012*

Temporal pCAA 3.80 (1.59-9.08) 0.003** 1.43 (0.73-2.81) 0.295
mCAA 6.67 (1.75-25.39) 0.006** 1.78 (0.95-3.33) 0.069

Parietal pCAA 2.50 (1.25-5.00) 0.010* 1.38 (0.72-2.62) 0.328
mCAA 4.74 (1.42-15.78) 0.012* 1.65 (0.85-3.18) 0.135

Occipital pCAA 2.18 (0.74-6.47) 0.159 2.55 (1.35-4.83) 0.004**

mCAA 6.27 (1.13-34.66) 0.036* 2.18 (1.11-4.27) 0.024*

There were not enough cases with capillary CAA or vasculopathy for statistical analysis. Signifi-
cance at *p<0.05, significance at **p<0.01, significance at ***p<0.001.

evaluated in a series of cases with CAA-
associated haemorrhage.

Application of criteria

Prevalence: CAA was previously reported to be 
present in between 90-100% of AD cases and 
in approximately 30% of non-demented con-
trols [1, 26, 34-37]. In this study we found CAA 
to be present in 80-92% of AD cases and 
79-86% of controls. The seemingly inflated 
occurrence of CAA in control brains is likely to 
be due to a number of methodological issues. 
The first of these was the inclusion of the occip-
ital lobe, which is the most commonly affected 
part of the brain but which was not assessed in 
most previous studies [38]. Another contributor 
may be the sampling method for CAA, which in 
the current protocol involves scanning the 

Table 11A. Weighted percentage of individu-
als with each APOE genotype among each 
CAA type (row percentages)

22 23 24 33 34 44
Type 0 0.0 0.0 0.0 58.1 41.9 0.0
Type 1 0.0 9.0 3.8 25.6 29.5 32.0
Type 2 7.0 5.8 3.5 50.0 27.9 5.8

and meningeal forms of CAA that show very 
variable severity and might therefore have been 
expected to generate low AC2 coefficients. The 
lowest coefficient in our study was for capillary 
CAA in the occipital lobe. Although the agree-
ment was still considered substantial, the lower 
AC2 coefficient probably reflects the greater 
difficulty in identifying capillary CAA, particular-
ly in the context of abundant plaque pathology. 
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whole section rather than assessing a specific 
number of randomly selected fields only. Lastly, 
the use of the 4G8 antibody may be relevant as 
it seems to be more effective than some other 
Aβ antibodies at detecting CAA. Clearly it would 
be of benefit to apply this protocol to a larger 
series of post-mortem brain tissue samples 
from non-demented elderly to determine 
whether our findings can be replicated.

APOE, CAA and vasculopathy 

The present study suggests that APOE ε2 may 
have a more important role in the development 
of arteriolar CAA than has been previously 
appreciated. This is particularly so in the 
absence of AD - in control brains possession of 
APOE ε2 was a strong risk factor for the devel-
opment of arteriolar CAA in all brain regions 
assessed. Possession of APOE ε4 seemed to 
raise the risk of CAA mainly in the occipital lobe 
and predominantly in patients with AD who had 
both arteriolar and capillary accumulation of 
Aβ.

Conclusions

We have developed an assessment protocol for 
CAA that can be reliably used to assess the 
presence and/or severity of parenchymal, men-
ingeal and capillary CAA, and CAA-associated 
vasculopathy, in post-mortem brain tissue. The 
novel identification of significant association 
between APOE ε2 and CAA in control brains 
highlights the value of the assessment protocol 
and its utility in promoting collaboration and 
pooling of data between centres. 
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