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SUMMARY

Anatomical variations in the arch of the aorta
have been presumptively involved in aneurysm
formation, because they lead to alterations in the
vascular morphology and hemodynamics. This
systematic review with meta-analysis evaluated
the occurrence of bovine arch and aberrant sub-
clavian artery variations of the aortic arch and
aneurysm formation rate. The structured search
was conducted across seven databases, namely
PubMed, Embase, Web of Science, Scopus, Co-
chrane Library, CINAHL, and ClinicalTrials.gov,
by using Boolean operators and MeSH terms. The
review followed the guidelines of PRISMA and ap-
plied PECOS frameworks for individuals with aor-
tic arch variations, quantifying the incidence or
risk of aneurysm formation. The review utilized
ROBINS-I and SYRCLE tools to assess the qual-
ity and bias, and a GRADE certainty assessment
was used. A random-effects model was used for
the meta-analysis, and sensitivity analyses were
carried out to find out the robustness of the con-
clusion.

A total of seven studies were included, com-
prising both clinical cohort studies and animal
research. The analysis indicated that individuals

with anatomical variations such as the bovine
arch had a higher mean difference (MD) of aneu-
rysm risk compared to those without variations
(MD 0.90 (0.63,1.17); p < 0.00001). Vessel dimen-
sions were significantly greater in those with an-
atomical variations associated with increased an-
eurysm risk (MD 9.00 (7.96, 10.04); p < 0.00001).
Additionally, a comparison between patients with
thoracic aortic aneurysms and healthy controls
showed a notable increase in aortic arch dimen-
sions in the aneurysm group (MD 11.46 (6.85,
16.08); p < 0.00001). The presence of specific an-
atomical variations in the aortic arch, particularly
the bovine arch and aberrant subclavian artery,
was associated with an increased risk of aneu-
rysm formation. Variability in outcomes across
age groups and study designs indicated that both
anatomical and hemodynamic factors contribute
to aneurysm formation risk. These findings em-
phasize the importance of individualized assess-
ment of aortic arch anatomy in clinical practice
for aneurysm risk stratification.
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INTRODUCTION

The aortic arch is an important anatomical
structure acting as a pathway for blood flow from
the heart to the large arteries that supply the head,
neck, and upper body (Ehrlich et al, 2020). Varia-
tions in the branching patterns and morphology of
the aortic arch are not uncommon and can mani-
fest in several forms, including the “bovine arch”
(a common origin of the brachiocephalic and left
common carotid arteries), aberrant subclavian
arteries, isolated left vertebral arteries, and other
complex anatomical deviations (Aboulhoda et al.,
2019). These variations are generally asymptom-
atic and often incidental findings during imaging;
however, their clinical implications have garnered
increasing attention in recent years, particularly
in the context of vascular disease susceptibility
(Kefalidi et al., 2022; Mazine et al., 2022).

Aortic thoracic aneurysms, particularly those
involving the aortic arch, are serious conditions
that incur significant morbidity and mortality.
These are abnormal dilations of the aortic wall,
which may cause catastrophes such as rupture
or dissection (Taghizadeh et al., 2021). Thoracic
aortic aneurysms have multifactorial etiology, in-
cluding genetic predispositions, environmental
factors, and, with growing evidence, particular
anatomical configurations of the aortic arch. Dif-
ferent anatomical variations may have unequal
mechanical stress applied to the aortic wall, and
perhaps, there is a difference in the tendency for
aneurysm formation as well (Rahimi et al., 2021).
Variations that alter the hemodynamic forces in
the aortic arch may be associated with predis-
position to localized weakening of the wall, thus
putting them at an increased risk for aneurysmal
formation (Heber et al., 2021; Ben Ahmed et al.,
2022; Sokolis et al., 2022; Bouaou et al., 2024).

The pathophysiological mechanisms that un-
derlie the association of aortic arch anomalies
with aneurysm formation are numerous and also
pretty complex. The studies of hemodynamics
indicated that anatomical variations may cause
irregular flow velocities, wall shear stress, and
oscillatory stress at the level of the aortic arch.
Such changes in hemodynamics may cause local
dysfunction of the endothelium, degradation of
the extracellular matrix, and subsequently, aneu-

rysm formation (Sokolis et al., 2022; Bouaou et al.,
2024; Pidvalna et al., 2022). Such discoveries also
indicate that there are specific pathways related
both to aortic aneurysms and anatomical varia-
tions, giving the possibility of genetic predisposi-
tion to further modulate the impact of anatomical
variants upon aneurysm risk. The relationship
between genetic susceptibility, anatomical varia-
tion, and hemodynamic stress remains somewhat
obscure at the moment (Mertens et al., 2019; Sola-
no et al., 2023).

Some anatomic anomalies, including the bovine
arch, have been hypothesized to influence hemo-
dynamics, thereby creating greater mechanical
stress on certain portions of the aorta (Ben Ahmed
et al.,, 2022). Other abnormal patterns of subclavi-
an artery branching and variations in branching
might also generate turbulence-producing flow
dynamics, which would initiate endothelial dam-
age and chronic inflammation, the two identified
risk factors for the formation of aneurysms (Soko-
lis et al., 2022). Although such conclusions do ex-
ist, the association of specific aortic arch abnor-
malities with aneurysm formation is incomplete
because, although some studies directly correlate
them, many others do not; hence a systematic re-
view of the literature is required (Bouaou et al.,
2024).

Given the potential clinical implications of ana-
tomical variations in the aortic arch, understand-
ing their role in the pathogenesis of aneurysms is
crucial. Structural differences in the arch may in-
fluence hemodynamic stress distribution, vessel
wall integrity, and susceptibility to pathological
remodelling, thereby contributing to aneurysm
formation. Identifying such associations could
aid in refining risk stratification models, guiding
targeted screening protocols, and informing pre-
ventive strategies to mitigate aneurysm-related
complications. Hence, this systematic review and
meta-analysis aims to comprehensively evaluate
the relationship between anatomical variations
of the aortic arch and the risk of aneurysm devel-
opment by synthesizing evidence from diverse
study designs addressing this topic.

MATERIALS AND METHODS



Study design

The PECOS protocol for this review was de-
signed strictly according to the reporting guide-
lines of PRISMA (Page et al., 2023). Population (P)
was defined as individuals or animal models with
anatomical variations in the aortic arch, with the
Exposure (E) being specific anatomical variations
(such as a bovine arch, or an aberrant subclavian
artery). The Comparator (C) was designated to be
individuals without such variations; however, this
group was not considered to be mandatory, con-
sidering the exploratory nature of the review. The
Outcome (O) was ascertained to be the incidence
or risk of aneurysm formation, with observational
studies, cohort case-control and animal studies
being the Study design (S) under consideration.

Inclusion and exclusion criteria

Human Studies

Human studies meeting the inclusion criteria
consisted of anatomical variations in the aortic
arch and their relation to the risk of aneurysm.
There were cohort, case-control, and cross-sec-
tional study designs that qualified. These should
have reported quantitative data indicating a re-
lationship between aneurysm formation or pro-
gression and such aortic arch variations, such as
the bovine arch or aberrant subclavian artery. Ex-
cluded human studies were case reports, reviews,
editorials, and studies on congenital heart diseas-
es not related to aortic arch variations. Studies
that did not clearly report their findings concern-
ing the outcome of aneurysms with regard to ana-
tomical variations were also excluded.

Animal Studies

For studies in animals, the inclusion criterion
was experimental models investigating anatomi-
cal variations of the aortic arch and the implica-
tions for aneurysm formation or risk. Research on
reproducible models with measurable outcomes,
such as morphological changes or volume as-
sessments or wall characteristics, was included.
Excluded animal studies were those that focused
on congenital anomalies unrelated to aortic arch
variations, did not have quantifiable data linking
anatomical variation to aneurysm outcome, or did

zznot give findings relevant to the research aims.

Database search strategy

The database search strategy comprised of sev-
en databases: PubMed, Embase, Web of Science,
Scopus, Cochrane Library, CINAHL, and Clini-
calTrials.gov. Boolean operators combined with
MeSH terms maximized the number of relevant
studies available for retrieval. Boolean operators
like “AND,” “OR,” and “NOT” are used in formulat-
ing the question to narrow its focus further (Table
1). No limitations were placed on the timeframe of
the searched articles. The search was conducted
keeping in mind the indexing and abilities of each
database to ensure an adequate scope.

Data extraction process

Systematic extraction of data was performed to
collect all relevant information comprehensively
and accurately. Key data items extracted were the
author, year of publication, type of study design,
population demographics, for example, age, sex,
and sample size, and specific aortic arch anoma-
lies under investigation, such as the bovine arch
or aberrant subclavian artery. The diagnostic mo-
dalities applied in the studies, such as CT angi-
ography, MRI, or other imaging techniques, were
also recorded. Besides, the prevalence of aneu-
rysms related to these anomalies was extracted,
along with summary statistics such as odds ratios,
relative risks, and confidence intervals to quanti-
fy the relationship between aortic arch variations
and aneurysm risk. In addition, details regarding
confounders controlled in the studies, including
age, comorbidities, or lifestyle factors, were also
carefully documented to assess the robustness
of the findings. Data extraction was performed
by two independent reviewers to minimize bias
and ensure accuracy. Any disagreement over the
extracted data was resolved by a third reviewer
through discussion and consensus.

Quality assessment and certainty bias assess-
ment strategy

Bias was systematically assessed across multi-
ple domains to ensure the validity and reliability
of the included studies. For observational stud-
ies, the Risk of Bias in Non-randomized Studies
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of Interventions (ROBINS-I) tool (Igelstrom et al.,
2021) was used. This tool assesses potential bi-
ases in domains such as selection, confounding,
measurement, and reporting. Selection bias was
evaluated to check whether participants were
selected without systematic differences between
groups, thus ensuring comparability. Bias due to
confounding was checked to ensure that the stud-
ies controlled for age, sex, or comorbid conditions
that could affect the outcomes. Measurement bias
dealt with the precision of the techniques used
to measure exposures and outcomes, including
standardization of imaging modalities like CT an-
giography or MRI. Reporting bias was assessed to
check that all the pre-specified outcomes were re-
ported and that there was no selective reporting
of results. Each study was rated to have a “low,”

I TS

“moderate,” “serious,” or “critical” risk of bias
based on these domains, which led to an overall

risk assessment.

For animal studies, the SYRCLE tool (Hooijmans
et al., 2014) was adapted from Cochrane Risk of
Bias tool for particular use in animal experiments.
Selection bias was controlled by assessment of
randomization and allocation concealment to
achieve comparable groups. Performance bias
was performed to verify blinding of researchers
and caregivers to prevent differential treatment
of the animals. Detection bias had to be oriented

Table 1. Search strings utilised across the assessed databases.

Database

(“Aortic Arch”[MeSH] OR “Aortic Arch Variation”[MeSH] OR “Aortic Arch
Anomalies”[MeSH]) AND (“Anatomical Variation”[MeSH] OR “Bovine Arch” OR

PubMed

Search String

towards blinding outcome assessors to ensure an
unbiased evaluation of results. Attrition bias had
to be considered for any exclusions or dropouts,
making sure that data are complete. Other types
of bias such as housing conditions and conflicts of
interest were also evaluated under the domain of
“other bias.” Every domain was scored, resulting
in an overall bias risk assessment for every ani-
mal study.

To further add robustness to the assessment,
the GRADE assessment (Bezerra et al., 2024) was
employed to rate the certainty of evidence as high,
moderate, low, or very low together with bias as-
sessment tools.

Statistical analysis strategy

Meta-analysis was done with RevMan 5 (v 5.4.1).
The review and forest plots for three compari-
sons were shown as mean differences (MD). The
first one was the risk of aneurysm compared to
non-anatomical variations,
variations possess against non-anatomical varia-
tions. The second one was the correlation between
the aortic arch vessel dimensions in individuals
with anatomical variations that have risks com-
pared to those without anatomical variations with
an increased chance of aneurysm occurrence.
The third being the comparison of the aortic arch

which anatomical

Time Period

Studies selected
irrespective of time

Embase

Web of Science

Scopus

Cochrane Li-
brary

CINAHL

ClinicalTrials.
gov

“Aberrant Subclavian Artery” OR “Aortic Arch Anomaly”) AND (“Aneurysm”[MeSH]
OR “Aortic Aneurysm”) AND (“Risk Factors”[MeSH] OR “Risk”)

(“Aortic Arch” AND “Anatomical Variation”) OR (“Bovine Arch” OR “Aberrant
Subclavian Artery” OR “Left Vertebral Artery”) AND (“Aortic Aneurysm” OR
“Aneurysm Formation”) AND (“Risk Factors” OR “Incidence”) NOT (“Congenital
Heart Disease”)

TS=(“Aortic Arch Variation” OR “Aortic Arch Anomaly” OR “Bovine Arch”) AND
TS=(“Aneurysm Formation” OR “Thoracic Aortic Aneurysm”) AND TS=(“Risk
Factors” OR “Incidence” OR “Prevalence”)

TITLE-ABS-KEY((“Aortic Arch Anatomical Variation” OR “Aortic Arch
Abnormality”) AND (“Aneurysm Risk” OR “Aneurysm Incidence”) AND (“Bovine
Arch” OR “Aberrant Subclavian Artery” OR “Left Vertebral Artery”))

((Aortic Arch Variation OR “Bovine Arch” OR “Aberrant Subclavian Artery”) AND
(Aneurysm OR “Aneurysm Risk” OR “Aneurysm Formation”) AND (“Anatomical
Variation” OR “Vascular Abnormality”)) in Title Abstract Keyword

(MH “Aortic Arch”) AND (MH “Aortic Aneurysm”) AND ((“Bovine Arch” OR
“Aberrant Subclavian Artery” OR “Isolated Left Vertebral Artery”) AND (“Risk
Factors” OR “Prevalence” OR “Incidence” OR “Case-Control”))

“Aortic Arch Anomalies” AND “Aneurysm Risk” AND (“Bovine Arch” OR
“Subclavian Artery Anomaly” OR “Isolated Vertebral Artery”) AND (“Case-Control
Study” OR “Prospective Cohort” OR “Retrospective Cohort”)

period.

Studies selected
irrespective of time
period.

Studies selected
irrespective of time
period.

Studies selected
irrespective of time
period.

Studies selected
irrespective of time
period.

Studies selected
irrespective of time
period.

Studies selected
irrespective of time
period.



measurements of patients with thoracic aortic
aneurysm versus healthy controls. The random
effects (RE) model with 95% confidence intervals
was applied to account for heterogeneity across
the selected studies.

RESULTS

Study selection process

Following the PRISMA guidelines (Fig. 1) re-
cords were identified in the databases containing
PubMed (49), Embase (51), Web of Science (46),
Scopus (45), Cochrane Library (43), CINAHL (50),
and ClinicalTrials.gov (80). After excluding 39
duplicate records, 325 unique records remained
for screening. All 325 were screened with no ex-
cluded at this point. Of those, a total of 325 reports

were sought for retrieval, while 41 reports were
not retrieved because these were locked behind
paywalls and lacked full-text access in the data-
bases. A total of 284 reports were found eligible to
be assessed. Reasons for exclusion were studies
failing PECOS criteria where the studies were rel-
evant to the general topic but did not meet specif-
ic inclusion criteria defined by the PECOS frame-
work (72), literature reviews (62), these articles
(49), case reports (65), and off-topic articles which
were unrelated to the primary research question
of the review (29). Ultimately, seven studies (18-
24) entered the review.

Demographic variables assessed

Table 2 summarizes demographic character-
istics from the included studies (Boillat et al.,
2023; Bonser et al., 2000; Eleshra et al., 2021;

Fig. 1.- PRISMA flow diagram illustrating the study selection process, including identification, screening, eligibility, and inclusion

criteria.
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Table 2. Demographic variables assessed across the included studies (AngIl: Angiotensin II; ePPE: Elastase Porcine Pancreatic
Elastase; BAPN: Beta-Aminopropionitrile).

Mean Age

Study ID Year  Location Study Design Sample Size (Years) Male Ratio Follow-up Period
Boillat et al . Experimental 0.48 (approx. . .
[2023] 2023  Switzerland (Animal Study) 9 25 weeks) Not specified = Not specified
Bonser et al United Observational . ~ :
[2000] 2000 Kingdom Cohort 87 63.6 52:35 6-month intervals
Eleshra et al Retrospective .

[2021] 2021 | Germany Cohort Study 12 7010 9:3 13 + 4.3 months
_— | | gg E‘gggg)) , (11—15)weeks Varéalil(e be:ised on
Ibrahim et a : Experimenta ’ Angll), 8-12 : model (27 days for
[2022] 2022 | Austria (Animal Study) g Ig%FlJ\]P)Eﬁ weeks (other Not specified Angll, 13-21 days

(PPE) models) for others)
7042110  9d¥%male
. atutay tic
: 815 (aortic (aortic arch 1n aort]
%lzigrllglet al 2018 Japan Icieg‘ospectlve arch disease),  disease), arch dlseasﬁ‘ Not specified
ohortStudy  J506 (control | 49.9 +19.8  SrOUP 74.2%
(cdnt;ol) : male in con-
trol group

Salmasi et al United Prospective : : :
[2022] 2022 Kingdom cohort study 34 Not specified @ Not specified Not specified
Suhetal [2014] 2014 USA gfggge“i"e 15 64+14 9:6 Not specified

Ibrahim et al., 2022; Ikeno et al.,, 2019; Salma-
si et al., 2022; Suh et al., 2014). The majority of
the studies were conducted in geographically dis-
tant locations, namely Switzerland (Boillat et al.,
2023), the United Kingdom (Bonser et al., 2000;
Salmasi et al., 2022), Germany (Eleshra et al.,
2021), Austria (Ibrahim et al., 2022), Japan (Ikeno
et al,, 2019), and the USA (Suh et al., 2014). The
sample sizes ranged from a minimum of 12 par-
ticipants in a human study (Eleshra et al., 2021)
to more than 1500 in a human study (Ikeno et al.,
2019), or from a minimum 9 in an animal study
(Boillat et al., 2023) to 83 in another animal study
(Ibrahim et al., 2022). The age range was from as
young as 49.9 years in controls to as old as 70.4
years among those having aortic arch disease, the
age range most commonly affected by aneurysms
(Bonser et al., 2000; Eleshra et al., 2021; Ikeno et
al., 2019; Suh et al., 2014). Animal models were
also carried out in corresponding ages modelled
in weeks to equate with the human conditions
(Boillat et al., 2023; Ibrahim et al., 2022). In the
human studies, male predominance was seen
with ratios of 65% of patients suffering from aor-
tic arch disease and 74.2% controls (Ikeno et al.,
2019). This is congruent to higher incidence rates
of aneurysms in males (Bonser et al., 2000; Ele-
shra et al., 2021). The periods of follow-up were

also variable: as many as 13 months among the
human studies, whereas animal studies contain
a model-specific duration much shorter than this
(Ibrahim et al., 2022).

Anatomical variations of the aortic arch

There were a range of these anatomical vari-
ations, including the bovine arch, an aberrant
subclavian artery, and renovisceral arterial
anomalies (Table 3). The incidence of these were
described in particular cohorts. The bovine arch,
forinstance, had anincidence of 10.1% in patients
affected by aortic arch disease but only 9% in con-
trols, suggesting an association with the presence
of disease (Ikeno Y et al., 2019). The bovine arch
was linked with aneurysms that developed prox-
imally, whereas the aberrant subclavian artery
was more commonly associated with distal aneu-
rysms that pointed toward a spatial heterogeneity
in aneurysm risk based on the variations them-
selves (Ikeno Y et al., 2019). In thoracoabdominal
aortic aneurysms (TAAASs), accessory renal arter-
ies and celiac artery anomalies were also found,
which helped in the successful endovascular re-
pair with low morbidity and mortality results (Ele-
shra A etal., 2021).

Diagnostic modalities and aneurysm locations
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Table 3: Aneurysm-associated outcomes and their correlation observed with anatomical variations of the aortic arch across the
selected studies (AnglIl: Angiotensin II; ePPE: Elastase Porcine Pancreatic Elastase; BAPN: Beta-Aminopropionitrile; CKD: Chronic
Kidney Disease; F/B-EVAR: Fenestrated/Branched Endovascular Aneurysm Repair; PWV: Pulse Wave Velocity).

Groups
Study ID Assessed
Boillatet  Sommon
al[2023] Arteries
Thoracic
Bonser et | aortic
al[2000] aneurysms,
dissections
TAAAs with
E}?;gg‘i]et renovisceral
variations
Torahim  Angrr, epPE,
[2021] PPE Models
Aortic arch
Ikeno et aneurysm,
al[2019]  aortic
dissection
Salma- Ascending
sietal thoracic
[2022] aneurysms
Thoracic
Suhetal  aortic
[2014] aneurysms,
dissections

Aortic Arch
Variations
(Type & Prev-
alence)

Type 1
variation (ICCA
bifurcation
from BCT and
aortic arch)

Not specified

Accessory
renal arteries,
celiac artery
variant

Not specified

Bovine arch
(10.1% in
disease, 9%
control);
aberrant
subclavian
artery (1.7%
disease, 0.5%
control)

Not specified

Not specified

Diagnostic

Modality &

Aneurysm
Location

Necropsy &
dissection; Not
applicable

CT, MRI; as-
cending aorta,
aortic arch,
descending
aorta

CT angiogra-
phy; thora-
coabdominal
aorta

3D Ultrasound;
abdominal
aorta)

CT angiogra-
phy; proximal
& distal aortic
arch

Uniaxial test-
ing; ascending
aorta

CT Angiogra-
phy; ascending
aorta, aortic
arch, descend-
ing aorta

Various diagnostic modalities were employed
such as CT angiography, MRI, 3D ultrasound, and
necropsy in animal models for varied objectives.
CT and MRI were widely used for high-resolution
imaging to identify aneurysms in different seg-

Confounding
Factors

Not specified

Age, throm-
bus presence

Age, CKD, hy-
pertension

Age, strain

Age, comor-
bidities

Age, PWV

Age, respira-
tory influ-
ences

Aneurysm
Morphology
& Wall Char-

acteristics

Not applica-
ble

Thrombus
linked to
accelerated
expansion

Not specified

Fusiform
with thrombi

Not specified

Fusiform;
wall thinner
on outer
curve

Not specified

Anomalies &
Hemodynamic
Factors

No anomalies
in subclavian
artery anatomy

Dissection, cal-
cification not
growth-linked

Anomalies in
renovisceral
arteries

Volume & di-
ameter repro-
ducible across
models

Bovine arch
with proximal
aneurysms; ab-
errant subcla-
vian with distal
aneurysms

Circumferen-
tial stiffness

Increased wall
shear stress
during respi-
ration

Key
Conclusion

Established
anatomical
landmarks for
future rabbit
model surgery

Exponential
aneurysm
growth
influenced
by thrombus;
prior sur-
gery reduced
growth rate

Demonstrated
success of
F/B-EVAR in
TAAAs with
low morbidity
and mortality

Early detec-
tion and vol-
ume assess-
ment; model
suitability
for treatment
testing

Bovine arch
and aberrant
subclavian
artery asso-
ciated with
increased risk
of aortic arch
disease

Outer curve
more prone
to dissec-
tion; variable
biomechanics
suggest sur-
gery implica-
tions

Respiratory
translation
affects aortic
arch geome-
try, impacting
endovascular
repair designs

ments of the aorta, such as the ascending aorta,
aortic arch, and the descending thoracic aorta
(Bonser et al., 2000; Ikeno et al., 2019). In the an-
imal models, 3D ultrasound revealed repeatable
volume and diameter measurements crucial for
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the early detection and evaluation of aneurysm
enlargement (Ibrahim et al., 2022). In some of the
animal models, necropsy and anatomical dissec-
tion were conducted with direct visualization of
arterial structures, which was very significant in
ascertaining the anatomical landmarks for fur-
ther research and potential surgical applications
(Boillat et al., 2023).

Confounding factors

Confounding factors present in all studies in-
cluded age and the existence of thrombus, co-va-
riety that includes hypertension, chronic kidney
disease, and respiratory influences, which are all
documented to have huge impacts on the forma-
tion and progression of aneurysms themselves
(Boillat et al., 2023; Bonser et al., 2000; Eleshra et
al., 2021; Ibrahim et al., 2022; Ikeno et al., 2019;
Salmasi et al., 2022; Suh et al., 2014). This was
exemplified by the fact that thrombus presence
was particularly implicated, as studies showed
that aneurysm expansion was accelerated with-
out any corresponding increase in calcification,
indicating a distinct pathophysiological mecha-
nism in aneurysmal growth (Bonser et al., 2000).
Inclusion of respiratory influences in some stud-
ies dynamically applied to the risk assessment
of aneurysms, suggesting that physiological con-
ditions can intrude and modify the behaviour of
the aneurysm and its consequences on treatment
modalities (Suh et al., 2014).

Morphology and wall characteristics of aneu-
rysms

Morphologically, aneurysm was largely fusiform
in all the studies. Wall characteristics varied ac-
cording to location. Specific studies outlined thin-
ner walls on the outer curve of the ascending aor-
ta and increased circumferential stiffness, which
affected the stability of aneurysms (Ibrahim et al.,
2022; Salmasietal., 2022). These findings indicat-
ed that dissection was more likely along the outer
curve of the aorta, and that localized biomechan-
ical factors played a role in progression of aneu-
rysms. Wall features, such as thrombus presence
and circumferential stiffness, were also predictive
of greater probability of aneurysm dilation, main-
ly in the ascending thoracic aorta but mostly sug-

gesting that the type of surgical strategy applied to
the individual anatomical setting may carry some
significance (Salmasi et al., 2022).

Haemodynamic factors and anomalies

Haemodynamic factors such as wall shear stress
and also the respiratory-induced wall translation
were found to significantly impact the geometry,
as well as growth of aneurysms. Increased wall
shear stress during phases of respiration and the
consequent translocation of the aortic arch were
found to cause alterations in geometry at the lev-
el of the arch and were thought to have major de-
sign and performance implications for the size
and configuration of endovascular repair devic-
es (Suh et al., 2014). Such studies thereby also
shown that anatomical anomalies will increase
hemodynamic forces and thus also increase the
mechanical wall strain that occurs within the aor-
tic wall, which may accelerate the progression of
aneurysms and impact clinical decision-making
for endovascular interventions.

Quality assessment and bias levels observed

For Boillatetal. (2023), and Ibrahim et al. (2022),
the SYRCLE tool (Fig. 2) observed low to moderate
scores in many domains, with the former showing
moderate bias in “Title and Abstract,” “Ethics,”
and “Outcome Measures” but high ratings in “Data
Handling and Analysis.” Ibrahim et al. (2022) had
moderate bias in “Introduction,” with high ratings
in various domains, showing that study designs
and methodological rigors do vary. The ROBINS-I
tool (Fig. 3) indicated overall low risk of bias in
Bonser et al. (2000), Eleshra et al. (2021), Ikeno
et al. (2019), Salmasi et al. (2022) and Suh et al.
(2014). Bonser et al. (2000) and Suh et al. (2014)
displayed universally low scores through all
items, except some areas showing moderate risk.
Eleshra et al. (2021) exhibited low risk in most
domains but with a high bias in “D4” (confound-
ing factors). Ikeno et al. 2019) and Salmasi et al.
(2022) showed moderate bias generally, but with
high risks in “D2” (selection of participants) for
Ikeno et al. (2019), and in “D1” and “D3” for Sal-
masi et al. (2022), reflecting shortcomings in par-
ticipant selection and control of the experiment.



Fig. 2.- Quality assessment of experimental animal studies using the SYRCLE tool, evaluating study design, randomization, alloca-

tion concealment, and blinding.

Fig. 3.- Quality assessment of non-randomized studies using the ROBINS-I tool, assessing potential biases in confounding, selec-

tion, classification, and outcome measurement.

Fig. 4.- Comparative analysis of aneurysm risk in patients with anatomical variations versus those without variations, highlighting

key statistical findings.

Meta-analytical observations

Figure 4 summarises the risk of aneurysm in
cases with anatomical variations compared to
those who do not show anatomical variations. The
MD in aggregate was at 0.90 (0.63, 1.17), showing
a greater risk in cases with anatomical variations.
Strong heterogeneity was established (Tau? =

0.05, Chi2 =186.14, df = 2, P < 0.00001; I2 = 99%);
thus there is heterogeneity between studies. The
effect size was statically significant (Z = 6.63, P <
0.00001), which supported increased aneurysm
risk associated with anatomical variations.

Figure 5 examined the aortic arch vessel dimen-
sions in individuals with anatomical variations
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Fig. 5.- Correlation between aortic arch vessel dimensions and aneurysm risk in patients with anatomical variations, visualizing

potential hemodynamic implications.

Fig. 6.- Comparison of aortic arch measurements between patients with thoracic aortic aneurysms and control groups, demon-

strating structural differences and potential risk factors.

compared to those without, referencing its asso-
ciation to aneurysm risk. MD was generally 9.00
(7.96, 10.04), indicating that the vessel dimen-
sions were significantly more pronounced in the
individuals with anatomical variations associated
with aneurysm risk. Heterogeneity was very low
(Tau? = 0.00, Chi2=0.77,df =2, P = 0.68; I2 = 0%),
and the overall effect was extremely strong (Z =
16.94, P < 0.00001). This indicates that there is a
strong and consistent association of at risk for an-
eurysm with increased dimensions in anatomical
variations of the aortic arch.

Figure 6 elucidates the MD of aortic arch mea-
surements in patients with thoracic aortic aneu-
rysms compared to healthy controls. MD = -11.46
(6.85, 16.08); significantly larger aortic arch mea-
surements in aneurysm patients. Tau? = 14.87,
Chi2 = 21.70, df = 2, P < 0.0001; I? = 91%. How-
ever, the overall effect was significant (Z = 4.87, P
< 0.00001), so patients with thoracic aortic aneu-
rysm had significantly larger aortic arch dimen-
sions than controls.

GRADE assessment observations

The GRADE certainty assessment across stud-
ies suggested moderate to high certainty based

on study design, findings, and influencing factors
(Table 4). An anatomical landmark-based knowl-
edge foundation drawn from experimental ani-
mal research in Switzerland (Boillat et al., 2023)
and Austria (Ibrahim et al., 2022) focused less on
the directness of findings and model-specific con-
straints led to a moderate certainty rating. There
was moderate consistency in both observational
cohort studies from United Kingdom (Bonser et
al., 2000; Salmasi et al., 2022) and Germany (Ele-
shra et al., 2021), although the strength of their
findings was compromised due to the presence of
thrombus in aneurysm growth and outcomes re-
lated to morbidity.

Retrospective cohort studies (Ikeno et al., 2019)
had moderate to high certainty, especially for
findings that linked certain aortic arch abnormal-
ities, like the bovine arch, with an increased risk
of aneurysm. The evidence was based on large
sample sizes and low-to-moderate bias ratings.
Prospective studies (Suh et al., 2014) had more
modest certainty, but were heterogeneously re-
ported, largely due to biomechanical factors like
circumferential stiffness and respiratory influ-
ences on aortic arch geometry.



Table 4. GRADE assessment observations.

Study Total Observed Key Bias  ResultIncon- [ oo .o Result Additional  Overall
Format Studies Finding Risk sistency Imprecision ~ Factors Certainty
Experi- Established
a;lilrt:;l 1 ?anrii&?nrg;ie}sl for future Low Moderate Moderate Low None Moderate
Study) rabbit model surgery
Exponential
Obser- aneurysm growth
K influenced by Thrombus
\(r:%tﬁg?tal 1 thrombus; prior Low Moderate Low Moderate influence Moderate
surgery reduced
growth rate
Demonstrated :
geg:(t)i-ve success of F/B- Low to l\i/[tor;ll%'
Cl())h ort 1 EVAR in TAAAs with Moder- Low Moderate Low m g;‘t Alit Moderate
Stud low morbidity and ate outcom eS;
y mortality
Experi- Early detection and Experi-
gl:?lt;‘;l 1 ‘ggégﬁﬁists‘fgﬁir?yegf Low Low Moderate Low rgl%%tgl Moderate
Study) treatment testing reliability
Bovine arch and . :
gectal(‘:(t)i-ve aberrant subclavian Low to R(lesnl;géflger-
Cl:)hort 1 artery associated Moder- Low Low Low variatio%fl High
Stud with increased risk of ate type
y aortic arch disease p
Outer curve
Pro- more prone to Biome-
%%i(;;t;;re 1 gigiﬁggg&ﬁgﬂable Low Moderate Low Moderate chanical Moderate
Stud variations
udy suggest surgery
implications
Respilratory
translation :
Pro- : Respira-
spective 1 gg%gg;;rﬂgggggn g Low Moderate Low Moderate tory influ- = Moderate
Study endovascular repair ences
designs
DISCUSSION dations, the extension by Ibrahim et al. (2022) was

This study synthesizes findings from a wide
range of perspectives to provide a comprehen-
sive understanding of how anatomical variations
in the aortic arch influence aneurysm formation.
By bridging clinical, biomechanical, and exper-
imental insights, it underscores the importance
of these variations in risk assessment, surgical
planning, and treatment strategies, ultimately
contributing to improved outcomes in managing
thoracic aortic aneurysms.

Boillat et al. (2023) and Ibrahim et al. (2022)
made anatomical assessments and worked on
measurement reproducibility. Although Boillat et
al., 2023 stressed anatomical modelling and vali-

more relevant for the validation of measurement
reproducibility. Yet again, these studies did not
have direct applications to the clinical arena.

Bonser et al. (2000) and Suh et al. (2014) inves-
tigated biomechanical determinants of aneurysm
formation. Bonser et al. (2000) focused on the
thrombus’s role in increasing the size of an aneu-
rysm, whereas Suh et al. (2014) looked into the
impact of respiratory wall shear stress on aortic
geometry. The two studies investigated two dif-
ferent mechanisms, so their contributions were
complementary rather than duplicative.

Eleshra et al. (2021) and Salmasi et al. (2022)
discussed clinical and surgical implications of
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variations of the aortic arch. Eleshra et al. (2021)
proved that F/B-EVAR in TAAAs with renoviscer-
al variations is feasible with low morbidity rates.
Salmasietal. (2021) discussed structural vulnera-
bilities such as the risks of aortic dissection along
the outer curve of the aorta and provided distinct
surgical and structural points of view.

TIkeno et al. (2019) investigated the association
between anatomical variations, like the bovine
arch, and aneurysm risk. Their clinical popula-
tion-based study supplemented Bonser et al’s
(2000) mechanistic approach with risk quantifi-
cation related to certain anatomical variations.

Imaging modalities available for aortic arch
anomalies include barium oesophagrams, echo-
cardiography, CT angiography, MRI, and catheter
angiography (Stojanovska et al., 2012). Although
older techniques like barium oesophagrams and
catheter angiography have limited utility due to
2D imaging and complexity in paediatric settings
(Leonardi et al.,, 2015; Madry et al.,, 2019), ad-
vanced modalities like CT angiography and MRI
provide detailed anatomical evaluation. CT angi-
ography is especially useful because it provides
3D reconstructions that improve spatial under-
standing and enables assessments of tracheal and
oesophageal integrity (Lee et al., 2004; Tirkvatan
et al., 2009). Recent advancements have reduced
radiation exposure and acquisition time, mak-
ing these methods safer for paediatric patients,
though concerns about radiation and contrast
agents remain (Lim et al 2016; Ramos-Duran et
al., 2012).

Our review reveals findings both in concurrence
and conflict with the those reported by other re-
views (Mantri et al., 2022; Bae et al., 2022; Acar,
et al., 2022; Ahmad et al., 2023). In terms of sim-
ilarities, both our review and the studies by Man-
tri et al. (2022) and Bae et al. (2022) emphasized
the clinical importance of recognizing aortic arch
anomalies, particularly in procedural contexts
such as endovascular and neurointerventional
approaches. Mantri et al. (2022) presented these
differences and the complications they may pres-
ent during neurointerventional procedures, an-
eurysm formation included, which aligns with our
results wherein such differences as the bovine
arch may be linked to a higher chance of proximal

aneurysms. Bae et al. (2022) also found it helpful
for the use of multidetector CT in determining an
accurate diagnosis and classification of this varia-
tion, which is consistent with our conclusion that
both CT and MRI were needed in order to achieve
high-resolution imaging and risk assessment.

For instance, anatomical variations were much
more qualitatively represented in the scope and
implications derived from the variations. In fact,
as opposed to this, while Acar et al. (2022) were
concerned with the prevalence and classification
of the variants of aortic arches in a large sample,
as they uncovered the wide range of variation,
including left-sided aortic arches with multiple
subtypes, they did not strictly correlate these with
aneurysm risk as we have done in our analysis.
Our review provided more detailed information
for specific types, like the bovine arch and aber-
rant subclavian artery, associated with aneurysm
rupture locations, while Acar et al. (2022) relied
on morphological classification primarily to justi-
fy surgical interventions instead of risk outcome
evaluation.

Ahmad et al. (2023) found that their results par-
tially agreed with the conclusion made by our en-
dovascular repair methods. According to the me-
ta-analysis by Ahmad et al. (2023), endovascular
repair approaches to treat complex aortic arch
pathologies have yielded high technical success
rates and low early endoleak rates. This is com-
pared to our findings on the successful use of
F/B-EVAR in cases involving renovisceral arterial
variations, showing low morbidity and mortality
though our review did not focus much on endo-
vascular techniques as the primary treatment out-
come. Furthermore, whereas Ahmad et al. (2023)
reported among others stroke rates and mortality,
our systematic review was more concerned with
implications to anatomical variation than with the
outcomes of the specific procedure.

Limitations

Several limitations in this study are recognized
that may influence interpretation and generaliz-
ability. For many of the reviewed studies, there
was substantial heterogeneity in terms of the
study design, sample size, and diagnostic modal-
ities, and possibly affected the consistency of as-



sociations observed. Other variability was in the
anatomical variations assessed, and differences
in the follow-up periods that may have contribut-
ed to inconsistencies in the findings. Mechanisms
about animal studies are thus rich, but their use
directly as findings in human clinical cases can-
not readily be translated. Additionally, the exclu-
sion of articles due to restricted access, language
barriers, or lack of availability of full texts is a no-
table limitation, as these studies might have pro-
vided relevant data that could influence the over-
all findings. Publication bias is another potential
limitation, as studies with negative or non-signif-
icant results may have been less likely to be pub-
lished or included, potentially skewing the results
towards positive associations. Together, these
factors emphasize the need for cautious interpre-
tation of the results and underline the inherent
challenges in conducting systematic reviews in
this specialized area.

Clinical recommendations

Therisk for aneurysm has been established with
anatomical variations in the aortic arch recently
across a number of investigations. With such find-
ings, clinicians are thus motivated to include pre-
vious evaluations with high-resolution imaging
when assessing patients predisposed to compli-
cations through vascular paths to identify any at-
risk anatomical pattern. Future studies should try
to standardize the diagnostic criteria, the meth-
ods of imaging, as well as confounding variables
for improvements in between study comparabil-
ity. That would then enable validation of larger
cohort longitudinal studies for the predictive val-
ue of these anatomical variations for aneurysm
risk. In addition, biomechanical studies in terms
of wall stress and flow dynamics may ultimately
improve understanding and underpinning and
guide personalized intervention strategy in those
individuals with at-risk aortic arch morphologies.

CONCLUSION

With the anatomical variations of the aortic
arch, in the forms of bovine arch and aberrant
subclavian artery, the risk of aneurysm formation
increased as per our findings. As seen in this cur-
rent review, other hemodynamic and morpholog-

ical differences were found within the aortic arch
due to these variations, thereby predisposing the
individual to aneurysm formation and progress.
Although such associations found were consis-
tent, anatomical variability and differences in
methodology among the studies point to a need
for further work to determine whether such asso-
ciations could be taken to the higher level of clin-
ical relevance.
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