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ABSTRACT

Background and purpose Cerebral amyloid
angiopathy (CAA) is common in the ageing brain and is
associated with dementia and lobar intracerebral
haemorrhage. We systematically reviewed genetic
associations with CAA to better understand its
pathogenesis.

Methods We comprehensively sought and critically
appraised published studies of associations between any
genetic polymorphism and histopathologically confirmed
CAA. We assessed the effects of genotype by calculating
study specific and pooled odds ratios (ORs) in meta-
analyses, and assessed small study bias.

Results 58 studies (6855 participants) investigated
apolipoprotein E (APOE) genotype and sporadic CAA.
Meta-analysis of 24 (3520 participants) of these showed
an association of APOE &4 with CAA (e4 present vs
absent, pooled OR 2.7, 95% Cl 2.3 to 3.1,
p<0.00001), which was dose dependent, robust to
potential small study biases and occurred irrespective of
dementia status. There was no significant association
between APOE €2 and CAA. Among 24 studies (4703
participants) of other genetic polymorphisms, there was
preliminary evidence of an association with CAA of
polymorphisms in the transforming growth factor 1
gene (two studies, 449 participants), translocase of
outer mitochondrial membrane 40 gene (one study,

723 participants) and the complement component
receptor 1 gene (one study, 544 participants). There
were insufficient data to draw conclusions from 24
studies (~200 participants) of APOE and hereditary CAA
or familial Alzheimer's disease.

Conclusions There is convincing evidence for a dose
dependent association between APOE &4 and sporadic
CAA. Further work is needed to better understand the
mechanism of this association and to further investigate
other genetic associations with CAA.

INTRODUCTION

Cerebral amyloid angiopathy (CAA) is characterised
by peptide deposition, mainly amyloid B, in cortical
and leptomeningeal arteries. CAA is associated with
increasing age, dementia, lobar intracerebral haemor-
rhage (ICH), lobar brain microbleeds, leukoaraiosis,
small cortical infarcts and superficial siderosis.'™
ICH is usually attributed to CAA when pathological
examination reveals extensive CAA deposition and
related vasculopathic changes.’

Identifying genetic polymorphisms associated
with histopathologically confirmed CAA should
increase understanding of the mechanisms leading
to CAA and associated diseases. Polymorphisms in

the apolipoprotein E gene (APOE)® are associated
with many conditions in which CAA may be
involved, including subarachnoid haemorrhage,
ICH, lobar brain microbleeds and Alzheimer’s
disease (AD).* 77!2 In vitro studies have shown that
APOE influences AP conformation, fibril formation
and toxicity'® 1* while in vivo mouse studies have
confirmed a critical role for APOE in A depos-
ition, toxicity and possibly clearance.”® '® The cur-
rently favoured view is that APOE &4 enhances
deposition of amyloid B in cerebral blood vessel
walls while €2 promotes haemorrhage from
amyloid laden blood vessels by increasing specific
CAA related vasculopathic changes.!” '

A clear association between APOE and histo-
pathologically confirmed CAA would explain many
of the observed associations between APOE and
clinical outcomes. There is robust large scale evi-
dence for an association of APOE with ICH attrib-
uted to CAA on the basis of clinical criteria.
However, studies suggesting an association of
APOE with histopathologically confirmed CAA
have been limited by various methodological short-
comings, including small size. Furthermore, the
possibly contrasting effects of the different APOE
alleles on CAA have remained unclear. No system-
atic evaluation has been performed of the associ-
ation of APOE or of other polymorphisms with
histopathologically confirmed CAA. We therefore
aimed to assess the evidence for associations
between genetic polymorphisms in any gene and
histopathologically confirmed CAA by carrying out
a systematic review, incorporating a comprehensive
search strategy, a thorough assessment of study
quality, a series of meta-analyses and an evaluation
of the robustness of any positive findings to small
study and other methodological biases.

METHODS
Study identification and inclusion/exclusion
criteria
We sought all studies of adult humans published in
any language in which participants had been geno-
typed for any genetic polymorphism and had CAA
assessed pathologically (using autopsy or biopsy),
regardless of whether any association was reported on.
We searched OVID Medline (1950 to March
2012) and Embase (1980 to March 2012) using a
combination of search terms for APOE, genes and
CAA (see online supplementary appendix S1). We
also checked the bibliographies of all relevant
studies and reviews identified, and searched Google
Scholar for studies citing relevant studies.
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We wished to study genetic associations across the range of
CAA severity and so included studies of genetic associations
with: the presence versus absence of CAA pathology; more
versus less severe CAA; or average CAA score. We excluded
studies that assessed genetic associations with CAA associated
ICH (CAAH) versus CAA free controls because these would not
be able to distinguish a genetic association with CAA from an
association with ICH. However, we included studies that had
recruited participants with CAAH as an unselected part of the
spectrum of CAA severity.” Two authors independently selected
eligible studies, resolving disagreements by discussion.

We classified studies into three partly overlapping groups,
according to the association investigated: APOE and sporadic
CAA; APOE in any type of hereditary CAA (HCAA) or familial
Alzheimer’s disease (FAD); any other (non-APOE) genetic poly-
morphism and sporadic CAA. When two or more studies
included overlapping sets of participants, we included only the
study providing most data about the association among the
largest number of participants. To avoid undue effort on rela-
tively small studies, we further excluded studies with <35 parti-
cipants from the APOE and sporadic CAA group thus excluding
<3% of the total participants in eligible studies in this group.

Data extraction

APOE and sporadic CAA studies

For each study included, we extracted information on: first
author; publication year; country in which the study was con-
ducted; and participant source and characteristics. We also
assessed the quality of reporting of genotyping based on the
STREGA (Strengthening the Reporting of Genetic Association
Studies) and MOOSE (Meta-analysis of Observational Studies in
Epidemiology) recommendations,”® *! and the quality and char-
acteristics of CAA pathology assessment (see online supplemen-
tary methods).

Where possible, we extracted data on the numbers of partici-
pants with €4 or €2 allele containing (e4+ or €2+4) genotypes
and their CAA status, in dichotomous (present or absent) or
continuous (mean (and SD) severity score) format. In studies
without such data available, we recorded any qualitative state-
ment about the association between APOE and CAA. At least
two authors extracted these data, resolving disagreements by
discussion.

Studies of APOE in HCAA/FAD and of other genetic

polymorphisms and sporadic CAA

For these smaller groups of studies, we extracted information
on: first author; publication year; number of participants; poly-
morphism(s) studied; and any data about the association
between the polymorphism studied and CAA.

Statistical analyses (APOE and sporadic CAA)

We used Cochrane RevMan (V.5) software. For studies present-
ing data in a dichotomous format, we calculated an unadjusted
OR for the presence versus the absence of CAA among those
with ¢4+ versus eé4— and €2+ versus €2— genotypes. For studies
presenting continuous data, we calculated standardised mean
differences (SMD) in CAA scores. Then, to analyse the data
from dichotomous and continuous studies together, we used the
method described by Chinn to convert SMDs to ORs.”* We also
compared €4 homozygous and heterozygous genotypes. We cal-
culated pooled ORs using the generic inverse variance fixed
effects method, and repeated all analyses using a random effects
model. We assessed heterogeneity with 1> and ¥ statistics. We
considered p<0.05 to imply statistical significance.

We assigned each included study a quality score, based on
study size, participant recruitment method (prospective vs
other), blinding, quality of genotyping and pathology assess-
ment, and data format (considering continuous data superior
due to potential bias in selecting cutoffs for dichotomous data).
We conducted prespecified subgroup analyses based on: demen-
tia status; ethnicity; study quality score; and each quality criter-
ion separately. For any statistically significant result, we assessed
the potential effect of unpublished negative studies or studies
not reporting the data required for meta-analysis (ie, publication
and reporting biases), using a modified ‘failsafe N’ method: we
determined the size of a notional study with a null result
(OR=1) required to bring any significant result (p<0.05) to a
just non-significant level (p=0.05), assuming the overall preva-
lence of CAA and distribution of genotypes to be the average of
these for the studies included.”® We used the size of this
notional study as a guide to whether there might plausibly be
enough participants in unpublished, unreported or otherwise
unretrieved null studies to make an apparently significant result
non-significant if data from such studies were available for inclu-
sion in our meta-analyses. We also inspected funnel plots.

RESULTS
Of 1754 publications identified for screening, 136 were relevant
(figure 1).

Studies of APOE £2/¢3/e4 polymorphism and sporadic CAA
From 107 relevant publications we excluded 61 (49 because
they included participants overlapping with included studies and
12 because of very small size (< 35 participants)),*' ¢! leaving
46 studies, including 6645 participants overall (figure
1).19 24 s62-5105 (Gee online supplementary tables S1b, S1c and
results.)

Study characteristics and quality

All studies used autopsy brains from a brain bank, clinical autop-
sies or a population based prospective study. The median
number of participants per study who were both genotyped and
assessed pathologically was 100. Mean age was 70-85 years in
most studies. About half of all participants were male. Nineteen
studies (2660 participants) were conducted in white populations
in Europe, 21 (3225 participants) in white subjects in the USA,
five (714 subjects) in Asian populations (three in Japan, two in
Japanese—Americans in the USA) and for one study this informa-
tion was unavailable. About 30% of participants had clinical
dementia (mainly AD), about 10% were known not to be
demented and dementia status was not specified for about 60%
(see online supplementary table S1a).

Genotyping quality was generally limited when assessed
against current reporting standards,>® *! and methods for patho-
logical assessment were very variable (see online supplementary
tables S1b, S1bc and results). There was substantial variation in
overall study quality. For the studies in the meta-analysis, we cal-
culated quality scores based on our pre-set criteria. No study
fulfilled all of the criteria but larger studies tended to have
higher quality scores (table 1).

Association between APOE €4 and CAA

Twenty-four studies out of 46 (3520 of 6645 participants) pro-
vided sufficient quantitative data for meta-analysis (14 dichot-
omous and 10 continuous format) (figure 2). Twenty-two
studies could not be included in our meta-analysis: six (443 par-
ticipants) of these made a qualitative statement while 16 (2682
participants) provided no data about the association.
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Figure 1 Selection of included
studies. AD, Alzheimer's disease;
APOE, apolipoprotein E; CAA, cerebral
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Figure 2 shows study specific and pooled ORs for ¢4+ versus e4
— genotypes. The pooled OR showed a significantly increased
odds of having CAA for €4+ genotypes (OR 2.67, 95% CI 2.31
to 3.08) with significant heterogeneity between the results of
the studies (I?=69%; y334r=89; p<0.00001). When we
meta-analysed studies providing continuous and dichotomous data
separately, pooled results were in the same direction as the overall
pooled OR and were separately significant (continuous studies:
SMD 0.48, 95% CI 0.38 to 0.59, p<0.00001; dichotomous
studies: OR 4.15, 95% CI 3.23 to 5.34, p<0.00001). Subgroup
analysis based on dementia status showed no significant subgroup
differences (I?=0%; x34s=1.91; p=0.38), with similar results
when we limited the dementia subgroup to neuropathologically
verified AD cases only. We detected no significant differences in
subgroup analyses based on ethnicity (data not shown). The associ-
ation did not vary significantly by study quality score (figure 3).
Nor did we detect significant subgroup differences based on the
individual quality criteria of study size, blinding or quality of geno-
typing. The association was slightly larger in studies with prospect-
ive recruitment of participants (OR 3.66, 95% CI 2.87 to 4.68 vs
OR 2.56, 95% CI 2.15 to 3.05; I*=82%; x14r=5.5; paitr=0.02),
in studies presenting data in a dichotomous versus a continuous

72 studies exciuded
- ———— because humber of
participants < 35

A 4
APOE and
sporadic CAA

46 studies
6,645 participants

1
v v
Studies with data Studies without
for meta-analysis data for meta-
analysis

24 studies
3,520 participants

22 studies
3,125 participants

format (OR 3.64, 95% CI 2.91 to 4.55 vs OR 2.48, 95% CI 2.06
to 2.98; 1°=85%; x74=6.8; pairr=0.009) and in studies with
higher quality of pathology assessment (2 points: OR 3.07, 95%
CI 2.46 to 3.83 vs 1 point: OR 2.22, 95% CI 1.84 to 2.67;
*=80%; y74r=4.9; pairr=0.03).

Failsafe N calculations showed that a null study of >137 000
participants would be required to bring the association of &4+
genotypes with CAA to a just statistically non-significant level
(ie, p=0.05). The funnel plot was only slightly asymmetrical.
Studies providing only qualitative data reported either no signifi-
cant association or a trend towards association with APOE &4
(see online supplementary table $2).5627%¢7

Twelve studies (1706 participants) provided quantitative data
for meta-analysis of the association of APOE ¢4 allele dose with
CAA, showing a significant increase in the odds of having CAA
with increasing dose of the €4 allele (figure 4). Two studies (117
participants) providing a qualitative statement about the associ-
ation supported this result (see online supplementary table $2).57
s102 Failsafe N calculations showed that it would require a null
study of >7000 participants to bring the stronger association with
CAA of &4 homozygous versus heterozygous genotypes to a just
non-significant level.
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Table 1 Study quality scores
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Study size* Study Data Pathology Genotyping
(No of participants) Blindingt design# format§ assessmentf| reporting**
140-

<139 239 >240 None Any Complete R P D C Total score
Study (first author) 1] 1 2 1} 1 2 1] 1 0 1 0 1 2 0 1 Ntt (0-9)
Cruz-Sanchez*®3 v v v v v/ v 73 2
Thal et a/** v/ v v v v/ v 56 2
Yamaguchi®® v/ v v v v/ v 101 1
Nicoll*®> v v v v v/ v 310 7
Schneider*®® v/ v v v v v 208 5
Pfeifer®’ v/ v/ v v v v 201 6
Premkumar v/ v/ v v v v 240 6
Walkers v/ v/ v v/ v/ v 244 6
Caselli*® v/ v v v/ v/ v 179 4
Olichney**! v/ v v v/ v/ v 247 5
Yamada®*® v/ v v v v/ v 201 4
Zarow*> v v v v v v 42 4
Yips% v/ v v v/ v/ v 99 2
Alafuzoff® v/ v v v/ v/ v 209 4
Chalmers®® v v v/ v v/ v 120 4
Davidson*®’ v/ v v v v v 146 4
Mortimer*®® v/ v/ v v 7 v 267 8
Attems®®® v/ v v v v/ v 53 2
Christoforidis®'® v/ v v v v v 118 2
Chuis'® v/ v/ v v v/ v 73 4
Greenberg®'%? v/ v/ v/ v v/ v 93 4
Leclercg®'® v/ v/ v/ v v/ v 88 3
Zubenko®'%* v/ v v v v/ v 91 2
Tanskanen®'%® v/ v v v v/ v 7 3

*Study size: cut-offs chosen to divide study participants into three roughly equal groups.

tBlinding: genotypers to pathology data, pathologists to genotyping data, pathologists to clinical information (0, no blinding; 1, blinding at least one way; 2, blinding all three ways).

$Study design (prospective (P) or retrospective (R)).

§Data format (dichotomous (D) or continuous (C)).

9IPathology assessment based on: method for assessing CAA reported, neuropathologist rated CAA, >1 brain location examined (0, no criteria fulfilled; 1, one to two criteria fulfilled; 2, all three criteria fulfilled).
**Genotyping reporting: source of DNA and genotyping method reported (0, none or one criterion reported; 1, both criteria reported).

ttTotal study size—number of participants.

CAA, cerebral amyloid angiopathy.
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Study Year  No.* OR (95%Cl)
Dementia

Zubenko 1994 91 — 2.90 (1.03 to 8.14)
Premkumar-D 1996 190 —— 17.15 (7.56 to 38.9)
Alafuzoff-D 1999 106 —— 1.02 (0.49 t0 2.12)
Zarow 1999 42 ™ 1.11 (0.37 to 3.34)
Cruz-Sanchez-D 2000 35 ] 2.86 (0.72t0 11.31)
Olichney 2000 246 —.— 2.39 (1.48 to 3.86)
Thal-D 2002 15 -

Chalmers-D 2003 86 —— 5.60 (2.39 to 13.14)
Yip 2005 99 —il— 1.69 (0.80 to 3.56)
Tanskanen-D 2005 47 17.64 (2.06 to 151.1)
Davidson 2006 146 —— 1.14 (0.62 to 2.07)
Subtotal 1103 > 2.37 (1.85 to 3.05)
No dementia

Premkumar-ND 1996 16 -

Alafuzoff-ND 1999 103 —— 5.03 (2.35 to 10.77)
Cruz-Sanchez-ND 2000 38 0.84 (0.14 t0 5.10)
Thal-ND 2002 41 1.58 (0.38 to 6.65)
Chalmers-ND 2003 34 16.34 (1.71 to 156.4)
Tanskanen-ND 2005 24 4.0 (0.42t0 37.77)
Caselli 2010 179 — 2.97 (1.57 to 5.60)
Subtotal 435 > 3.32 (2.16 t0 5.11)
Mixed

Greenberg 1995 88 — 2.92(1.19t07.12)
Premkumar- M 1996 34 12.75 (2.12 t0 76.6)
Walker 2000 244 _._ 1.31 (0.83 10 2.07)
Yamaguchi 2001 101 B 1.96 (0.60 to 6.44)
Pfeifer 2002 201 _._ 4.35 (1.75 to 10.83)
Yamada 2002 201 _._ 1.57 (0.89 to 2.79)
Attems 2005 53 8.50 (1.70 to 42.61)
Leclercq 2005 88 9.97 (1.17 t0 84.91)
Christoforidis 2005 116 — 3.27 (1.39t0 7.69)
Schneider 2005 208 " T 5.92 (2.23 to 15.72)
Chui 2006 73 _._ 2.30 (1.40 10 3.77)
Mortimer 2009 267 _._ 7.36 (4.31 to 12.56)
Nicoll 2011 308 2.67 (1.61t0 4.42)
Subtotal 1982 2.74 (2.25 10 3.33)
Total 3520 - 2.67 (2.31 t0 3.08)

0.1 1

Presence of CAA decreased in participants with &4 allele

Generic inverse variance fixed-effects method; p (overall effect) <0.00001

Tests for heterogeneity: I? = 69%; x%ssq = 89.; p <0.00001
Tests for subgroup differences: 12 = 0%; 2og=1.9;p=0.38

10 100

Presence of CAA increased in participants with e4 allele

*Refers to number of participants included in analysis; 10 participants excluded because of missing data:
Christoforidis 2005 - 2 participants; Greenberg 1995 - 5 participants; Nicoll 2011 - 2 participants, Olichney 2000 - 1 participant.
D=clinically demented participants, ND=clinically not demented participants, M=demented and not demented participants

Figure 2 Meta-analysis of association of apolipoprotein E e4+ versus apolipoprotein e4— genotypes with cerebral amyloid angiopathy (CAA) by
participants’ dementia status. The squares represent study specific ORs, with their size proportional to their statistical weight by the generic inverse
variance method. Horizontal lines represent 95% Cls. Diamonds represent pooled ORs and their width represents 95% Cl.

Association between APOE €2 and CAA

Eleven studies (1640 participants) provided quantitative data for
meta-analysis of APOE €2+ versus £¢2— genotypes with CAA.
The pooled OR showed a non-significantly decreased odds of
CAA with APOE 2+ genotypes (OR 0.73, 95% CI 0.53 to
1.00, p=0.05). When we meta-analysed studies providing con-
tinuous and dichotomous data separately, pooled results were in
the same direction as the overall pooled OR but remained non-
significant. Two studies (213 participants) provided a qualitative
statement; neither reported a significant association (see online
supplementary table $2).57¢:5102

No. participants No. studies OR (95% CI)

Studies 0-2 points 589 7 —— 2.48 (1.69 to 3.63)

Studies 3-4 points 1217 10 —— 2.61(2.1t03.24)

Studies 5-9 points 1714 7 —— 2.49 (2.01 t0 3.09)
0 1 2 3 4

Presence of CAA decreased with &4 allele Presence of CAA increased with e4 allele

Generic inverse variance fixed-effects method
Test for subgroup differences: 1=0%; x=0.1; p=0.95

Figure 3  Subgroup analysis based on study quality scores. The
squares represent pooled ORs and their width represents the 95% Cl.
CAA, cerebral amyloid angiopathy.

Random effects meta-analyses
Results were very similar when all of the above meta-analyses
were repeated using a random effects model.

Studies of APOE £2/e3/e4 polymorphism in cases of HCAA
/familial AD

Of 24 relevant studies, only two reported on the
association between the APOE genotype and severity of CAA.
They found no effect of APOE €4 on CAA in 16 HCHWA-D
(hereditary cerebral haemorrhage with amyloidosis, Dutch type)

$60,s106—s128

patients*'°® or in 54 participants with FAD due to a presenilin-1
. 5107
mutation.®
No.* OR (95% CI)
e4/x vs ex/x 1706 - 2.09 (1.69 to 2.58)
€4/4 vs €4/x 1706 —— 3.26 (2.24 t0 4.74)
e4/4 vs ex/x 1706 —— 6.6 (4.47t09.75)

01 ' 0

Presence of GAA decreased with &4 allele Presence of GAA increased with &4 allele

Generic inverse variance fixed-effects method
*Refers to number of participants included in analysis.
Excluded due to missing data: Nicoll 2011- 2 participants; Davidson 2006 and Olichney 2000 - 1 participant

Figure 4 Meta-analysis of effects of apolipoprotein E €4 dose (e4—
—/ed+—led++ genotypes) on the presence versus the absence of
cerebral amyloid angiopathy (CAA). Notation as for figure 3.
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Studies of other genetic polymorphisms and sporadic CAA
Few other polymorphisms had been studied in more than a few
hundred participants or in more than one study and there were
insufficient data for formal meta-analyses,s*6~8:511713,524,535,637-
39,541,546571,580-81,897,5100,5129-133 Fyoever  there were some
positive associations with CAA: a consistent trend to association
with a single nucleotoide polymorphism (SNP) in the transform-
ing growth factor B1 (TGF-B1) gene (two studies, 449 partici-
pants)*'®*2*;  significant associations with SNPs in the
translocase of outer mitochondrial membrane 40 (TOMM40)
gene (one study, 723 participants);*'** and with a SNP in the
complement component receptor 1 (CR1) gene (one study, 544
participants).*'*?> Other studies found no overall significant asso-
ciations although some reported associations in particular sub-
groups (table 2).

DISCUSSION

To our knowledge, this is the first systematic review and
meta-analysis of associations between genetic polymorphisms
and pathologically proven CAA although there have been
meta-analyses of genetic associations with deep and lobar ICH,
ICH severity and outcome, and brain microbleeds.”"" We
found a highly significant dose-dependent association between
APOE ¢4 and pathologically proven CAA, which did not vary
significantly with dementia status, ethnicity or study quality. We
found no overall association between APOE &2 and the presence
of CAA. No modifying effects of APOE on CAA were reported
among cases of HCAA or of FAD, but because most of these
participants have severe CAA anyway, modulation by APOE is
very difficult to detect.*'®® Finally, there were too few studies
and participants to draw firm conclusions about the effect of
other genetic polymorphisms but there were some positive asso-
ciations which merit replication in further larger studies or
pooled datasets.

The prevalence of CAA in AD is over 70% but the relation-
ship between CAA and AD is still poorly understood. Although
the diagnostic criteria for dementia and the participant inclusion
criteria varied between studies (with some excluding cases with
severe dementia), demonstration of a similar association in those
with and without clinical dementia suggests that the association
of APOE &4 with CAA is independent of its known association
with dementia (mainly AD). This is further supported by similar
results when we limited the dementia subgroup to neuropatho-
logically verified AD cases only. Relative to other apoE isoforms,
apoE4 is thought to increase aggregation or impair clearance of
amyloid B, or both. While this mechanistic pathway is probably
common to both CAA and AD, specific mechanisms might also
occur. For example, apoE isoform specific neurotoxic effects
may contribute to neurodegeneration in AD, independent of
interactions with amyloid §.%°

Our study benefited from thorough ascertainment and critical
appraisal of pertinent studies including a large number of parti-
cipants. Lack of variation in the effect of APOE €4 by study size
and the very large failsafe N show that this association cannot
plausibly be explained by publication, reporting or any other
small study bias. In addition, although study quality was gener-
ally limited when assessed against current reporting stan-
dards,?® 2! there were—reassuringly—no significant subgroup
differences by study quality score.

There were some limitations. Pathological assessment was very
variable. Indeed, there is no widely accepted standardised histo-
pathological grading system for CAA,”® and no comparative
studies to determine the most accurate method for assessing CAA
(although the suggested method is a combination of thioflavin S/
Tor Congo Red with immunohistochemistry).>” CAA assessment
location varied widely, possibly influencing the rate of CAA
detection as a greater burden of CAA is generally reported in the
occipital or parietal lobes, albeit with a higher frequency of
frontal lobe involvement reported in studies from China and

Table 2 Summary of studies of non-apolipoprotein E polymorphisms and cerebral amyloid angiopathy

No of No of

Gene Location/polymorphism studies  participants Summary of results
TGF-B1(transforming growth rs1800470 2 449 Consistent trend for positive association
factor p1)'324 between T allele and CAA
TOMMA40 (translocase of outer rs2075650, rs34404554, rs11556505, rs769449, rs12972156, 1 723 SNPs associated with vascular amyloid
mitochondrial membrane 40)*'32 1512972970, rs157582, rs184017, rs157581, rs283815, burden

15157580, rs439401, rs34095326, rs10119
CR1 (complement component 156656401 1 544 Associated with severity of CAA
receptor 1) gene®'*3 pathology
LRP1 (low density lipoprotein 151799986 3 597
receptor 1)s38:s41:5100
ACT (a1 antichymotrypsin)*”®"  Signal region of the gene — AT alleles that determine the 2 235

amino acid alanine or threonine*
CYP4E=*1s122 rs754203 2 524
ACE (angiotensin 1 converting Intron 16 insertion/deletion of a 287 bp sequence 2 239

enzyme) $35,5129

No overall significant associations
(inconsistent trends and in some cases

Other genes

PS1 (presenilin-1)*%;BCHE (butyrylcholinesterase)*®;DX51047 locus*'>%APOE promoter®®s'2%;A2M

(a1, macroglobulin)®®;PON1 (paraoxonase)*'";NEP (neprilysin)*'%0LR1 (oxidised low-density

lipoprotein receptor 1)°*%LRP (low density lipoprotein receptor related protein)*'%CYP46%; 18
CH25H*15*";VEGF (vascular endothelial growth factor)37;IL-1A5'3";1L-1B%'3":1L-33%3% GSTO1-1
(glutathione S-transferase omega-1)°'3";SORL1 (sortilin related receptor)**®;CTSD (cathepsin D)**’;

ABPP and ABPppromoter*”!

associations in subgroups)

50-380t1

s97.

*Probably rs4943.
tRange of participant numbers in individual studies.

APOE, apolipoprotein E; CAA, cerebral amyloid angiopathy; SNP, single nucleotoide polymorphism.
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Japan.?® Most included studies did not address the issue of
potential confounding due to population stratification. However,
such confounding is unlikely because these were not case control
studies but cross sectional studies across a range of CAA sever-
ities. Finally, there was a large number of studies that we could
not include in the meta-analysis because they did not report the
necessary quantitative data about the association between the
genetic polymorphism and CAA. However, our systematic review
is strengthened by the identification and detailed characterisation
of these studies. By contrast, many meta-analyses do not account
for otherwise relevant studies without the necessary data within
their publications and so risk undetected reporting bias as many
studies report only significant findings and fail to mention non-
significant ones. We have shown that our findings are robust to
these missing data as our large failsafe N (>137 000) greatly
exceeded the total number of participants excluded due to lack
of available data (3125).

Several outstanding issues require more research. Genes other
than APOE seem likely to influence CAA. Some preliminary
positive findings merit replication in larger studies: the possible
reported association between the TGF-B1 gene and CAA may be
through an influence on AP clearance and deposition through
activation of astrocytes and microglia; association of TOMM40
gene polymorphisms with vascular amyloid burden but not
CAAH could be through interaction with APOE &2 or affects on
AP mitochondrial transport; association of a CR1 gene poly-
morphism with both CAA severity and CAAH may be via clear-
ance of AB peptide.?® 13 132 A the effects of APOE on ICH
may vary with ethnicity, there may be ethnic variation in genetic
associations with CAA but these have not been widely studied in
non-white populations.?’ Genetic associations may also differ
by CAA location and subtype. For example, there is preliminary
evidence that APOE &4 may be associated with CAA type 1
(where CAA is found in cortical capillaries) and 2 with CAA
type 2 (where amyloid is deposited in leptomeningeal and cor-
tical vessels with the exception of cortical capillaries).>* Finally,
the suggestion of different genetic influences on amyloid depos-
ition in the vessel wall and advanced vasculopathic changes
leading to ICH requires further investigation, in particular the
proposed differential effects of €4 and €2 alleles.

In conclusion, despite study quality issues, a large body of evi-
dence supports an association of APOE &4 with the presence
and severity of histopathologically confirmed CAA, at least in
white populations. Future research efforts require methodo-
logically robust studies adhering to current reporting standards,
facilitating comparisons between studies and collaborative data
pooling efforts. These should focus on the differential effects of
APOE €2 and &4, variation in genetic effects by ethnicity and
CAA location, and on the potential influence of other poly-
morphisms on this clinically important but as yet incompletely
understood phenotype.
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