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Introduction: Mendelian randomisation (MR) has been suggested to be able to overcome biases of obser-
vational studies, but no meta-analysis is available on MR studies on abdominal aortic aneurysm (AAA).
This systematic review and Meta-analysis examined the evidence of causal risk factors for AAA identified
in MR studies.
Methods: Publicly available databases were systematically searched for MR studies that reported any
causal risk factors for AAA diagnosis. Meta-analyses were performed using random effect models and
reported as odds ratio (OR) and 95% confidence intervals (CI). Study quality was assessed using a modified
version of Strengthening the Reporting of Mendelian Randomisation Studies (STROBE-MR) guidelines.
Results: Sixteen MR studies involving 34,050 patients with AAA and 2,205,894 controls were included.
Meta-analyses suggested that one standard deviation increase in high density lipoprotein (HDL) signifi-
cantly reduced (OR: 0.66, 95% CI: 0.61, 0.72) and one standard deviation increase in low density lipopro-
tein (LDL) significantly increased the risk (OR: 1.68, 95%, CI: 1.55, 1.82) of AAA. One standard deviation
increase in triglycerides did not significantly increase the risk of AAA (OR: 1.21, 95% CI: 0.86, 1.71).
Quality assessment suggested that ten and five studies were of low and moderate risk of bias respec-
tively, with one study considered as high risk of bias.
Conclusion: This meta-analysis suggests LDL and HDL are positive and negative casual risk factors for
AAA.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Abdominal aortic aneurysm (AAA) rupture is responsible for
approximately 200,000 deaths annually worldwide [1]. Since most
AAAs are asymptomatic, they are usually diagnosed by incidental
imaging or screening programs [2] The only established treatment
to prevent AAA rupture is surgical repair [2,3]. Randomised con-
trolled trials have shown that elective surgical repair of small
asymptomatic AAAs (<55 mm) [4] or large asymptomatic AAAs in
people that are unfit does not reduce mortality [5]. Clinical guide-
lines therefore recommend surgical repair is reserved for people
with symptomatic or ruptured AAAs or large asymptomatic AAAs
who have an extended life expectancy [2,3]. Most non-surgically
managed AAAs continue to grow in size thereby increasing the risk
of rupture [6]. Thus, there is a need to identify drug therapies able
to limit AAA growth.

Thirteen previous randomised controlled trials have reported
that a range of repurposed medications, such as antibiotics, beta-
blockers, angiotensin converting enzyme inhibitors, angiotensin
receptor blockers and mast cell inhibitors, do not slow AAA growth
[7–9]. Therefore, there is a need to identify more specific drug tar-
gets for AAA. So far most AAA pathogenesis research has focused
on animal models and examination of human AAA samples [10].
The heritability of AAA has been estimated to be about 70% from
twins studies [11,12] and as such there is growing interest in using
genetic markers to identify drug targets [7,10].

Mendelian randomisation uses genetic alleles as an inherited
marker of a risk factor of interest, such as inherited level of low
density lipoprotein-cholesterol (LDL-C) over a life-time, in order
to examine if the risk factor is truly causative in the disease being
investigated [13]. This approach is thought to overcome some of
the biases of standard risk factor observational studies [13]. Men-
delian randomisation studies have reported findings that replicate
the results of large randomised controlled trials to predict the ben-
efits of lipid modifying medications in prevention of cardiovascular
events [14]. As such, mendelian randomisation may provide a way
to identify drug targets. This review aimed to systematically sum-
marise published research using Mendelian randomisation to
assess causal risk factors for AAA.
2. Methods

2.1. Literature search

This systematic review was performed according to the 2015
Preferred Reporting Items for Systematic Review and Meta-
Analysis Protocols (PRISMA-P) statement [15]. The study protocol
was registered with PROSPERO (Registration number –
CRD42020203479). This systematic review was conducted accord-
ing to the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) statement [16]. Medline (via OvidSP,
1966), Cumulative Index to Nursing and Allied Health Literature
(CINAHL) Complete (Via EBSCOhost) and Scopus databases to iden-
tify articles that used Mendelian randomisation to examine poten-
tial causal risk factors for AAA. Medical subject headings and
keywords related to ‘Mendelian’ and ‘Aortic aneurysm’ were used
in all databases to identify relevant studies. For Ovid, following
search was conducted: (Mendelian [Title/Abstract] OR Mendelian
randomisation analysis [MeSH]) AND AAA [Title/Abstract]. For Sco-
pus, the following search was conducted: (aneurysm [Title/
2
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Abstract] OR AAA [Title/Abstract]) AND Mendelian [Title/Abstract].
For CINAHL database, the following search was conducted:
(EMTREE aortic aneurysm [MeSH] OR AAA [Title/Abstract] OR
aneurysm [Title/Abstract]) AND Mendelian [Title/Abstract]. The
search was initially conducted on 17/08/2020 and updated on
24/01/2021 without any study design or language restrictions by
one author (MI). Titles and abstracts were screened to identify rel-
evant studies. If the suitability of a publication was unclear, the
full-text article was reviewed. Reference lists of studies identified
in the primary search were screened to identify additional relevant
studies. To be included in this systematic review, studies needed to
have conducted a Mendelian randomisation in patients with AAA.
These studies must have clearly identified the potential causal fac-
tors investigated and the instrumental variables that had been
used to test the causal relationship. Studies were excluded on the
basis of not conducting a Mendelian randomisation, using thoracic
or ascending aortic aneurysm cases only or if studies did not inves-
tigate causal factors for AAA specifically. Studies were evaluated
against the inclusion criteria independently by three authors (MI,
TS and ST) and any differences were resolved via discussion with
a third author (JG).
3. Data extraction and quality assessment

Data from included studies were extracted into predefined
tables by one author (MI) and independently reviewed by two
more authors (TS, ST). The following data were collected from
included studies: country/ethnicity, study design, criteria used to
select cases and controls imaging modality, study sample size,
datasets used in study, mean age, percentage of male participants,
risk factors (alcohol, smoking, hypertension, diabetes, body mass
index (BMI) & hyperlipidemia), aortic imaging method, as well as
the number of single nucleotide polymorphism (SNPs) used for
analysis of a specific causal factor. Information regarding proposed
and established causal risk factors of AAA was also collected. For
each reported causal risk factor of AAA, the following data were
collected: Odds ratio, sample size, p value, unit of risk measure-
ment, randomisation analysis method (such as Egger regression
or inverse-variance weighted estimate) and sensitivity analyses
were also collected. A quality assessment tool was adapted from
the Strengthening the Reporting of Mendelian Randomisation
Studies (STROBE-MR) Guidelines [17]. These guidelines were mod-
ified using previously published articles regarding Mendelian ran-
domization reporting quality approaches [13,18,19]. The quality
assessment tool is shown in the supplementary table 2. The quality
assessment score was converted to a percentage and scores of < 80,
80–90 and > 90% were considered to represent high, medium and
low risk of bias, respectively.
3.1. Statistical analysis

Data were pooled in a meta-analysis when at least 2 studies
were identified assessing the association of common genetic
instruments with AAA diagnosis or growth. Efforts were made to
minimise the impact of duplicate data by including the largest
dataset, where publications using clearly overlapping data were
identified. In studies where potential data overlap was considered
possible but unavoidable, sensitivity analyses were performed by
excluding relevant studies one at a time to assess the impact on
the overall findings. Primary outcomes were defined as the associ-
rsity from ClinicalKey.com.au by Elsevier on March 15, 
on. Copyright ©2022. Elsevier Inc. All rights reserved.



Fig. 1. Preferred Reporting Items of Systematic Review and Meta-analyses (PRISMA) flow diagram. A total of 129 studies were screened and 12 studies were included. An
additional 4 studies were added through searching references and relevant journals. AAA – Abdominal aortic aneurysm.
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ation of genetic risk with AAA diagnosis, and were reported as odds
ratios (OR) [95% confidence interval (CI)]. A 2-sided p-value of
<0.05 was considered statistically significant. Meta-analysis was
performed using the ‘meta’ package from the R program (Version
3.4.4). Detailed methodology of the meta-analysis are available
elsewhere [20]. In brief, due to the small number of eligible studies,
meta-analyses were performed using the inverse variance method
with random effects models and applied Sidik-Jonkman method
with Hartung-Knapp modification to estimate the between-study
variance (tau2) [21]. This estimator uses the Q-profile method to
provide a conservative and broader CI to minimize the risk of false
positive results. A minimum of ten studies were deemed as eligible
to develop funnel plots to analyse publication bias [22].
4. Results

4.1. Study identification

Initial database searches yielded a total of 129 results, of which
56 duplicates were removed, resulting in 73 unique records. After
applying the inclusion and exclusion criteria, a total of 12 studies
3
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and 4 hand – searched studies were deemed eligible for our final
qualitative analysis (Fig. 1).
4.2. Study characteristics

A total of 35,144 patients with AAA and 2,572,386 controls were
investigated independently in 16 studies [20,23–37]. Many studies
had overlapping cohorts by using the same datasets to conduct
analyses on their respective causal risk factors, with the most com-
mon overlaps occurring with the UK biobank (9 studies) [23,27–2
9,31,34,36–38] and the Utrecht Netherlands dataset (4 studies)
[20,25,32,33]. Further details regarding datasets are provided in
supplement table 3.

All studies explored the association between causal factors and
the risk of developing AAA, with the exception of one study that
explored AAA mortality [34]. The number of cases and controls
across studies ranged between 155 and 7642 and 155 to 366,549
respectively. The studies included participants recruited frommul-
tiple datasets in countries including Australia [20,24,25,32], UK
[20,23–25,27–29,31,32,34,36,37], New Zealand [20,25,32], Iceland
[20,32], The Netherlands [20,25,32,33], Scotland [25], China [30]
and the USA [20,32,35]. Further details are presented in supple-
rsity from ClinicalKey.com.au by Elsevier on March 15, 
on. Copyright ©2022. Elsevier Inc. All rights reserved.



Table 1
Study characteristics of all included studies.

Dataset Study design Country Groups Inclusion criteria AAA
diameter
cut-off

AAA
measurement

Imaging
modality

UK Biobank [23,27–
29,31,34,36,37,63]

Prospective United
Kingdom

AAA NR NR NR NR
Non-AAA controls

The Aneurysm
Consortium[20,32]

Case - Control United
Kingdom,
Australia

AAA Positive imaging or
presentation with acute
rupture

>30 mm IRA diameter US, CT
Unscreened non - AAA controls
[From Wellcome Trust Case
Control Consortium 2]

Vascular Research
Consortium of New
Zealand [25]

Case - Control New
Zealand

AAA Positive imaging �30 mm IRA diameter US, CT
Non-AAA controls

Geisinger Medical
Centre [20,32]

Case - Control United
States of
America

AAA Positive imaging, repair,
rupture or 2 specialist visits of
unruptured aneurysm

�30 mm IRA diameter NR
Non-AAA controls

deCODE Genetics
[20,32]

Case - Control Reykjavik,
Iceland

AAA Positive imaging �30 mm IRA diameter NR
Non-AAA controls

The Netherlands AAA
[20,25,32,33]

Case - Control Utrecht, The
Netherlands

AAA Positive imaging, emergency
AAA repair

�30 mm IRA diameter NR
Non-AAA controls [Nijmegen
Biomedical Study and the
Nijmegen Bladder Cancer Study]

SMART Study [20,25] Prospective
cohort study

Utrecht, The
Netherlands

AAA Positive imaging �30 mm IRA diameter US
Non-AAA controls

The Edinburgh Artery
Study [25]

Prospective
Population
Based Cohort

United
Kingdom

AAA positive imaging NR IRA diameter US
Non-AAA controls

Chinese PLA General
Hospital [30]

Case - Control China AAA positive imaging NR NR US, CT
Age and gender matched non-AAA
control group 1
Age and gender matched non-AAA
control group 2

ARIC Study [35] Prospective
cohort study

United
States of
America

AAA Positive imagery, hospital
discharge with AAA, ICD9
coding, cause of death

�30 mm IRA diameter

Million Veteran
program [26]

Observational
Cohort

United
States of
America

AAA NR NR NR NR
Non-AAA controls

AAA: Abdominal aortic aneurysm; ARIC: Atherosclerosis Risk in Communities; CT: computed tomography; IRA: Infra-renal aorta; ICD9: International Classification of
Diseases; NR: Not reported; PLA: People’s Liberation Army; SMART: Secondary Manifestations of ARTerial disease; US: ultrasound; USA: United States of America

Table 2
Quality assessment of all included studies.

STUDIES ? (23) (24) (20) (25) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (26) (37)

Title and Abstract
Title and abstract (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Rationale and objectives
Background (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Objectives (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Study Design
Study design and Data sources (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Statistical methods for main analysis (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Software and pre – registration (.) (.) (+) (.) (.) (+) (+) (+) (+) (+) (+) (+) (+) (.) (.) (.)
Reporting
Descriptive Data (.) (+) (.) (+) (.) (+) (+) (+) (.) (+) (+) (+) (+) (+) (+) (+)
Main Results (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (.) (+) (+) (+)
Sensitivity and additional analysis (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (-)
Analysis
Key results (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)
Limitations (+) (+) (+) (+) (+) (+) (+) (+) (.) (+) (.) (+) (+) (+) (.) (.)
Interpretation (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (.)
Generalisability (.) (+) (.) (-) (.) (-) (-) (.) (-) (.) (-) (.) (.) (.) (.) (-)
Assessment of Assumptions
Mendelian Randomisation core assumptions (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (-) (.) (+) (+) (+) (-)
Total score (out of 14) 12.5 13.5 13 12.5 12.5 13 13 13.5 12 13.5 11.5 13 13 13.5 12.5 9.5
% 89.3 96.4 92.9 89.3 89.3 92.9 92.9 96.4 85.7 96.4 82.1 92.9 92.9 96.4 89.3 67.9

M. Ibrahim, S. Thanigaimani, Tejas P Singh et al. IJC Heart & Vasculature 35 (2021) 100836
mentary table 1. Only 8 of 16 studies summarized patient charac-
teristics [23,26,27,29,30,33–35], of which only 1 reported all of our
predefined characteristics [30]. Studies assessed a variety of causal
risk factors and thus used varying numbers of SNPs to form their
4

Downloaded for Anonymous User (n/a) at James Cook Unive
2022. For personal use only. No other uses without permissi
analyses, ranging from using a single SNP to 396. Further detail
regarding SNP number is presented in supplementary table 2.
The study design, inclusion and exclusion criteria for participants
varied across the datasets used within Mendelian analyses. There
rsity from ClinicalKey.com.au by Elsevier on March 15, 
on. Copyright ©2022. Elsevier Inc. All rights reserved.
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were 6 case – controlled datasets, 4 prospective dataset and 1
observational cohort dataset. Datasets that had reported aortic
diameter as a diagnostic criterion used � 30 mm as the cut-off.
Four datasets (Million Veteran Program [26], The Netherlands
AAA [25,32], deCODE genetics [20], Geisinger medical study [32]
did not specify either the diameter cut-off or imaging modality.
Other datasets used varied criteria such as specialty encounter
and emergency repair to define cases (refer to supplementary table
3). For instance, in the Aneurysm Consortium, infra-renal aortic
diameter � 30 mm measured via ultrasound (US) or computed
tomography (CT) were considered as AAA cases, but controls were
not screened with imaging to exclude AAA [20]. In contrast, the
Geisinger Medical Centre study used International Classification
of Diseases (ICD-9) codes, age restrictions, rupture and genetic con-
ditions to exclude AAA in control groups [32]. The Aneurysm Con-
sortium used controls from the Wellcome Trust Case Control
Consortium [20]. Further details of all datasets including country,
study design and criteria for case and control selection are pro-
vided in supplementary table 3.

4.3. Quality assessment

The results from the quality assessment are reported in Table 2.
Studies were assigned a percentage score based on the sum of 14
criteria. Ten studies were deemed to have low risk of bias
[20,24,27–30,32,34–36], five studies were deemed to have medium
risk of bias [23,25,26,31,33] and one study was deemed to have a
high risk of bias [37]. All studies clearly identified their analysis
method as Mendelian randomisation within their title or abstract
and provided a rationale for specifically conducting a Mendelian
randomisation. All included studies provided a description of the
study design and underlying populations. All studies reported the
methods for acquiring SNPs for analysis. With regards to the main
analysis, 12 studies used the inverse – variance weighted (IVW)
method to report their core results [20,24,26–29,31,33–37]. One
study did not specify the main MR estimator [30]. Seven studies
did not fully detail the software versions and packages used to per-
form the analysis [23–27,36,37]. Eleven studies provided complete
descriptive data and summary statistics of their analysed popula-
tions [24–26,28–30,32–36]. All included studies provided a clear
and complete discussion regarding the main results, such as the
associations between genetic variants, exposures and outcomes,
as well as causal effect estimates. Sensitivity or additional analyses
were performed by all included studies to assess the robustness of
their results, primarily using methods such as MR – Egger
[20,23,26–29,31–35], weighted Median [20,23,26–29,31–35], MR
– PRESSO [26–28] and leave one out analysis [25,26,28,31]. Further
methods used included: Inverse variance weighted (IVW) analysis
[23], multivariable analysis [20,28,29], alternate genetic risk scores
[37] and adjustment for specific variables [23,28–30,34]. Further
details are provided in supplementary table 4. Four studies did
not provide a complete analysis of the limitations or bias present
within their analysis [26,31,33,37]. Overall, the generalisability of
studies was poor, with studies neglecting to comment on the appli-
cation of their results to other populations, exposure periods or
levels of exposure. Thirteen studies assessed the core Mendelian
assumptions sufficiently, either via validation or by reporting from
previous studies [20,23–31,34–36].

4.4. Association of causal risk factors with AAA

A variety of causal risk factors were explored by the included
studies. This included lipid fractions [20,23,35,37], lipid drug tar-
gets [20,23], cytokines [24,25,31], body mass index (BMI)
[27,33,34], alcohol [28], smoking [26,29], C-reactive protein (CRP)
[30], telomere length [32], waist-hip ratio adjusted BMI
5

Downloaded for Anonymous User (n/a) at James Cook Unive
2022. For personal use only. No other uses without permissi
(WHRadjBMI) [33], type 2 diabetes mellitus (T2DM) [33], fatty acid
plasma levels [36] and blood pressure [26]. These results were pro-
vided in supplementary table 4.

Two studies reported that BMI in a total of 1576 cases and
369,949 control participants was not significantly associated with
an increased lifetime risk of AAA (OR: 1.06, 95% CI: 0.96, 1.16 [27]
and OR: 1.63, 95% CI: 0.99, 2.61 [33]. WHRadjBMI had no signifi-
cant association with AAA risk (OR: 1.84, 95% CI 0.92, 3.57) [33],
however fat free mass index was demonstrated to have a signifi-
cant protective effect from risk of AAA (OR: 0.64, 95% CI 0.42,
0.95) [27]. One study investigated the role of BMI in AAA associated
mortality and found no significant association (OR: 0.80, 95% CI:
0.56, 1.15) [34].

Two studies investigated the causal role of interleukin 6 (IL-6)
in AAA risk using 1579 cases and 368,267 controls [25,31]. One
study reported that a one allele deviation in IL-6 receptor
decreased the risk of AAA significantly (OR: 0.84, 95% CI: 0.80,
0.89) [25]. Another study reported that genetically predicted sol-
uble form of IL-6R (sIL-6R) also significantly decreased the risk of
AAA (OR: 0.84, 95% CI: 0.80, 0.89) [31]. A study consisting of
4682 cases and 38,739 controls looking at the causal role of IL-
1Ra in the risk of AAA development found significant per allele
associations between IL and 1Ra and AAA risk (OR: 1.08, 95% CI:
1.04, 1.12) [24].

Two studies investigated the causal role of smoking in AAA risk
using 8736 cases and 538,721 controls. One study showed that
smoking initiation (OR: 2.71, 95% CI: 1.83, 4.01) and heaviness
(in cigarettes per day) (OR: 2.53, 95% CI: 1.78, 3.61) were signifi-
cantly associated with AAA risk, and that smoking cessation carried
a significant protective effect (OR: 0.21, 95% CI: 0.05, 0.89) [26].
This was supported by another study that demonstrated significant
associations between smoking initiation (OR: 1.74, 95% CI: 1.33,
2.26), lifetime smoking (OR: 5.51, 95% CI: 3.14, 9.68) and the risk
of AAA [29].

One study investigated the causal role of alcohol in AAA with
1094 cases and 366,942 controls and demonstrated a significant
association between alcohol consumption and the risk of AAA
(OR: 2.60, 95% CI: 1.15, 5.89). However, this finding was non-
significant when a multivariable approach was used to adjust for
smoking (which is genetically correlated with alcohol consump-
tion) (OR: 1.10, 95% CI: 0.50, 2.45) [28].

One study identified a causal role of Lipoprotein A (Lp(a)) in
raising AAA risk (OR: 1.42, 95% CI: 1.29, 1.59). This finding was
robust when compared to an alternate genetic instrument com-
prised of 2 SNPs.

A study exploring the causal role of fatty acid plasma levels in
AAA development found both significantly protective and causa-
tive fatty acids with regards to AAA risk (full details listed supple-
ment table 3) [36]. Individual studies explored the association
between CRP (non-significant) [30], telomere length (non-
significant) [32], T2DM (non-significant) [33], systolic blood pres-
sure (non-significant) [26], diastolic blood pressure (significantly
increased) [26] and AAA risk.

4.5. Meta-analysis of eligible studies reporting causal risk factors in
AAA

Meta-analysis of three eligible studies consisting of 6396 AAA
Cases and 423,015 control participants reported LDL-C, HDL-C
and TG. These studies suggested that significantly increased LDL-
C was an associated causal risk factor for an increased lifetime risk
of AAA [20,23,35] (OR: 1.68, 95% CI: 0.55, 0.82) (Fig. 2). These three
studies also showed that HDL-C provided a protective effect
against the risk of AAA, however this association was only signifi-
cant in two of the three studies [20,23]. Overall meta-analysis sug-
gested that a significantly lowered HDL-C levels were a causal risk
rsity from ClinicalKey.com.au by Elsevier on March 15, 
on. Copyright ©2022. Elsevier Inc. All rights reserved.



Fig. 2. Forest plot suggested that increased LDL levels significantly increased the causal risk of AAA with no between-study heterogeneity (0%). AAA – Abdominal aortic
aneurysm; CI –Confidence interval; LDL – Low density lipoprotein; OR – Odds ratio.

Fig. 3. Forest plot suggested that lowered HDL levels significantly reduced the causal risk of AAA with no between-study heterogeneity (0%). AAA – Abdominal aortic
aneurysm; CI –Confidence interval; HDL – High density lipoprotein; OR – Odds ratio.

Fig. 4. Forest plot suggested unchanged TG levels had no causal risk of AAA with high between-study heterogeneity (94%). AAA – Abdominal aortic aneurysm; CI –Confidence
interval; TG – Triglycerides; OR – Odds ratio.

Fig. 5. Forest plot suggested unchanged BMI levels had no causal risk of AAA with high between-study heterogeneity (89%). AAA – Abdominal aortic aneurysm; CI –
Confidence interval; BMI – Body mass index; OR – Odds ratio.
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factor for AAA risk (OR: 0.66, 95% CI: 0.61, 0.72) (Fig. 3). Only one
analysis demonstrated that triglycerides were significantly associ-
ated with AAA risk [20]. Meta-analysis suggested triglycerides as
not being a causal risk factor associated with AAA risk (OR: 1.21,
95% CI: 0.86, 1.71) (Fig. 4). A meta-analysis of two separate studies
exploring the causal risk of BMI in AAA deemed the association
insignificant (OR: 1.29, 95% CI: 0.86, 1.93) (Fig. 5). Sensitivity anal-
yses showed that the meta-analysis findings of all HDL, LDL, TG
and BMI were robust (Supplementary Figs. 1-4). Risk of bias assess-
ment across studies was not possible was not possible due to lim-
ited number of eligible studies. Genetically predicted total
cholesterol was also shown to significantly increase the risk of
AAA, however, was not reported in at least 3 studies, so meta-
analysis was not possible [35].

Additional findings from the meta-analysed studies included:
LDL receptor (LDLR) (OR: 3.09, 95% CI: 1.81, 5.28) [23], lipoprotein
lipase (LPL) (OR: 2.69, 95% CI: 1.44, 5.00) [23], 3-hydroxy-3-meth
yl-glutaryl-coenzyme A reductase (HMGCR) (OR: 0.93, 95% CI:
0.89, 0.98) (20], Cholesterol ester transfer protein (CETP) (OR:
0.89, 95% CI: 0.85, 0.94) [20] and total cholesterol (OR: 1.48, 95%
CI: 1.02, 2.16) [35].
5. Discussion

The main findings of this meta-analysis were that high LDL-C
and low HDL-C levels were causal risk factors for increased lifetime
risk of AAA. Triglycerides however were not identified as a causal
risk factor for AAA. This is in line with prior meta-analyses that
demonstrated the key role of lipids in the AAA aetiology and sug-
gested LDL-C lowering as potentially effective treatment strategy
for prevention of AAA and management of existing AAA patients
[20]. The current study suggests that treatments to lower LDL-C
may reduce the risk of developing AAA. Whether this translates
into LDL-C lowering being an effective treatment to slow AAA
growth is unclear [39,40]. A genetic proxy for HMGCR inhibitors
(using rs12916 SNP) has been previously associated with lower
AAA risk in a prior meta-analysis [20]. This association was shown
to carry a similar direction in MR analysis, however the relation-
ship was deemed to be insignificant [23]. This provides support
for the use of statins to limit progression of AAA in keeping with
a recent meta-analysis of observational studies [41,42]. Currently
however there are no randomised trials which have tested the ben-
efit of LDL-C lowering in limiting AAA growth and thus it remains
uncertain whether statins or other LDL-C lowering therapies are
effective in slowing AAA growth.

Mendelian randomisation analysis on the effect of LDLR, LDL
[23] and total cholesterol [35] demonstrated a causative relation-
ship with AAA development. The LDLR SNP rs6511720 was
reported to be significantly associated with AAA in a GWAS study
[43]. CETP has been implicated in atherosclerosis and lipid balance.
Human studies regarding use of CETP inhibitors have demon-
strated a HDL-C raising and LDL-C lowering effect, countering dys-
lipidaemia [44]. This has also translated into cardiovascular
protective effects [45] and reduced risk of major vascular events
[46,47]. Mendelian randomisation analysis affirms this notion
and suggests a protective causal relationship between CETP (SNP
rs3764261, CETP inhibitor proxy) and AAA [20]. While there is con-
flicting evidence regarding the true protective effect of CETP inhi-
bition and risks in doing so [48], CETP inhibitors may carry
potential to reduce cardiovascular and AAA risk [49].

The Physician’s Health Study showed that relative to men with
BMI < 25, those with BMI in the range of 25–30 and > 30 had 30–
70% higher risk of developing AAA [50], and was corroborated by
prior studies from Sweden [51] and Australia [52]. Despite these
large-scale studies, BMI and WHRadjBMI were shown not to be
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causal risk factors for AAA [27,33]. A mouse study demonstrated
IL-18 to co-localize with its receptor at regions rich in adipocytes,
suggesting a role of adipocytes via IL-18 in promoting AAA devel-
opment [53]. It is possible that inflammatory markers, generally
increased in obesity, could increase the risk for AAA development
rather than obesity per se. This could be the reason for the contra-
dicting results of genetic studies [27,33] and observational studies
[50–52].

The hypothesis of potential role of inflammatory markers is in
line with the results from genetic studies that reported a significant
causal risk of IL-1Ra, IL-6R and sIL-6R with AAA development
[24,25,31]. In contrast, CRP was reported to have no causal role in
AAA in genetic studies and the association between CRP and AAA
likely reflects the systematic inflammatory response in people with
AAA [30]. More Mendelian randomization studies investigating the
causal risk factors for AAA are required to draw reliable conclusions.

Hypertension is a well-established risk factor for AAA [54].
Observational studies suggest that high diastolic blood pressure
(DBP) has been reported to have a non-linear dose dependant asso-
ciation with increased risk of AAA [55]. In support of this, Men-
delian randomisation indicate a causative role of high DBP in
AAA [26].

People with diabetes have a lower risk of AAA diagnosis in pop-
ulation studies [56]. This has been attributed to a number of effects
of diabetes including high blood glucose promoting extra-cellular
matrix glycation and modulation of aortic wall matrix remodelling
and inflammation. [57]. Concurrent use of metformin [58,59] and
statins [60–62] could also be an alternative explanation for the
protective effect of AAA seen in people with diabetes. Interestingly,
Mendelian randomisation suggest that diabetes mellitus is not
causally associated with AAA [33]. This further suggests that the
observed association between protective effect of diabetes mellitus
and AAA is potentially confounded possibly due to diabetes medi-
cations, rather than causatively related.

A number of limitations of this systematic review should be
acknowledged. The review was limited by the small number of
previous studies and therefore, lack of individual study level MR
assumptions. The causative risk factors for AAA development
may not be the same for AAA growth and thus it is not possible
to confidently extrapolate findings from Mendelian randomisation
studies focused on risk of AAA to inform treatments for established
AAA. It should also be acknowledged that the analyses are limited
by the number of available trials and heterogeneity of the included
populations and further trials are needed for robust conclusions.

In conclusion this systematic review suggests that high LDL-C
and low HDL-C are causal risk factors for AAA but high BMI and
triglycerides are not. This lends strength to the utility of interven-
tions targeting such risk factors at a preventative level, and may
help identify those at higher risk of developing AAA.
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