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Abstract

Aortic aneurysm (AA) is a life-threatening degenerative vascular disease defined as localized dilation of the aorta exceeding 1.5 times
the normal diameter and isprimarily classified into abdominal aortic aneurysm (AAA) and thoracic aortic aneurysm (TAA). With an
aging population and increased exposure to risk factors, the incidence of AA is rising, and rupture is associated with a mortality rate of
80-90%. Recent advances in molecular biology, imaging, and interventional techniques have expanded the understanding of AA patho-
genesis beyond the traditional “degenerative disease” model to encompass genetic variation, extracellular matrix (ECM) remodeling,
inflammatory responses, and dysregulated signaling pathway. Meanwhile, diagnostic approaches have become increasingly precise, en-
abling earlier detection through routine screening and three-dimensional vascular reconstruction. Clinical management has evolved into
a comprehensive strategy centered on surgical intervention, supported by pharmacological therapy and long-term monitoring. This re-
view systematically examines the pathophysiological mechanisms, advancements in diagnostic technologies, and evidence-based clinical
management of AA, discusses current controversies, and explores future applications of precision medicine.
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1. Introduction

The aorta, the body’s largest artery, is responsible
for transporting oxygenated blood from the heart to the
systemic circulation. Pathological dilation of this ves-
sel can lead to life-threatening conditions, such as tho-
racic aortic aneurysms (TAAs), which are increasingly rec-
ognized as critical manifestations of cardiovascular aging
[1,2]. In general, the development and progression of aortic
aneurysms (AAs) involve multi-factorial mechanisms and
require comprehensive management strategies [3]. These
conditions range from hereditary thoracic aortic diseases
to specific intraluminal processes driving abdominal aortic
aneurysm (AAA) progression [4,5]. Ultimately, its struc-
tural integrity relies on the synergistic function of its three
wall layers (the intima, media, and adventitia), and the
essence of an AA is the progressive dilation resulting from
the disruption of this vascular wall structure, driven by the
combined effects of genetic predisposition, environmental
risk factors, and dysfunctional vascular wall cells [6]. In
the United States, AAA is a leading cause of death among
the elderly, with significant annual mortality attributable to
aneurysm rupture or dissection [2,7]. Although less com-
mon than AAA, TAA often presents with subtle early symp-
toms, and emergency treatment following rupture is more
challenging, leading to poorer outcomes [8,9].

While traditionally viewed as an atherosclerotic de-
generative disease, recent research confirms significant het-
erogeneity in AA pathogenesis: approximately 10% to 20%
of cases are familial, involving mutations in genes such as
FBNI, COL3A41, and TGFBRI/2 [10]. Specifically, recent
patient-specific stem cell models have provided profound
insights into the lineage-specific smooth muscle cell de-
fects driven by TGFBR1 mutations [11]. Sporadic cases are
closely associated with environmental factors like smok-
ing, hypertension, and metabolic syndrome [2,12]. Diag-
nostic techniques such as ultrasound, computed tomogra-
phy angiography (CTA), and magnetic resonance angiog-
raphy (MRA) enable early detection and assessment. Ther-
apeutically, the adoption of endovascular aneurysm repair
(EVAR) has significantly reduced operative mortality, es-
tablishing it as the preferred treatment for suitable AAA
cases [13]. Similarly, thoracic endovascular aortic repair
(TEVAR) has increasingly replaced open surgery for many

TAA cases [1].
Despite these advancements, AA management faces

several challenges, including the accurate identification of
high-risk patients for rupture, effective pharmacological in-
tervention to slow aneurysm progression, treatment strat-
egy selection for complex anatomies, and long-term man-
agement of postoperative complications [3]. This article,
based on recent significant research findings (2015-2025)
and clinical guidelines, provides a systematic review from
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the core dimensions of pathological mechanisms, diagnos-
tic techniques, and clinical management, discussing current
controversies and future directions to offer new insights for
basic research and clinical practice in AA.

2. Pathophysiology and Pathogenesis of
Aortic Aneurysm

The pathogenesis of AA is a complex, multi-step pro-
cess centered on the disruption of vascular wall structural
integrity, involving intricate interactions between genetic
factors, extracellular matrix (ECM) remodeling, inflamma-
tory responses, and dysregulated signaling pathways (Fig.
1). Significant differences exist in the mechanistic charac-
teristics of different subtypes (AAA and TAA) [6].

2.1 Genetic Factors and Familial Aortic Aneurysm

Genetic factors play a critical role in AA pathogene-
sis. The incidence of familial aortic aneurysm is approxi-
mately 3—4 times higher than that of sporadic cases. Well-
defined genetic AA syndromes include Marfan syndrome
(MFS), Loeys-Dietz syndrome (LDS), and Ehlers-Danlos
syndrome type IV (EDS 1V), caused by mutations in FBNI,
TGFBRI/TGFBR2, and COL3A1 genes, respectively [11].

MFS, one of the most common inherited connective
tissue disorders, results from FBNI mutations leading to
defective fibrillin-1, impairing elastic fiber assembly and
stability. Patients exhibit disrupted and disorganized elas-
tic fibers in the aortic media, predisposing them to TAA
and aortic dissection. LDS, a more severe autosomal dom-
inant disorder caused by TGFBRI or TGFBR2 mutations,
is characterized by arterial tortuosity and aneurysms, often
accompanied by hypertelorism and bifid uvula. The risk of
aortic rupture in LDS is significantly higher than in MFS
[11]. EDS IV, resulting from COL3A41 mutations causing
type III collagen synthesis defects, leads to markedly re-
duced vascular wall tensile strength. Patients are prone to
rupture of arteries, intestines, or the uterus, with aortic rup-
ture being a primary cause of death [14].

Beyond these syndromic AAs, recent genomic stud-
ies have expanded the landscape of heritable thoracic aortic
diseases [4]. Approximately 10—-15% of familial thoracic
aortic aneurysm (FTAA) patients harbor genetic variations,
including genes like ACTA2, MYHI11, and SMAD?3, be-
yond TGFBRI1/2 [15,16,17]. These genes are involved in
smooth muscle cell (SMC) contractile function, ECM syn-
thesis, or TGF-p signaling. Their mutation leads to SMC
dysfunction and vascular wall instability, ultimately trig-
gering aneurysm formation. The genetic pattern of familial
AAA is not fully elucidated, but individuals with a first-
degree relative affected by AAA have a markedly increased
risk, suggesting the potential synergistic effect of multiple
susceptibility genes [6,18].

2.2 Extracellular Matrix Remodeling and Disruption of
Vascular Wall Integrity

The ECM, comprising elastic fibers, collagen (primar-
ily types I and III), and proteoglycans, is the main struc-
tural component of the aortic wall. The dynamic balance
between its synthesis and degradation maintains vascular
elasticity and tensile strength [3]. A core pathological fea-
ture of AA is abnormal ECM remodeling, characterized pri-
marily by elastic fiber degradation, collagen proportion im-
balance, and aberrant activation of the matrix metallopro-
teinase (MMP) family [3,5].

In AAA tissue, the number of elastic fibers is signif-
icantly reduced, and their structure is fragmented. Total
collagen content increases, but the ratio is abnormal, with
an increased ratio of type I to type III collagen, leading
to reduced elasticity and increased brittleness of the vas-
cular wall (Fig. 2). This process is primarily mediated
by MMPs, zinc-dependent proteases capable of degrading
ECM components. MMP-2, MMP-9, and MMP-12 are sig-
nificantly upregulated in AA tissue [3]. Animal studies
confirm that MMP activation directly leads to elastic fiber
degradation and collagen hydrolysis, promoting aneurysm
formation and expansion. Conversely, the expression of
tissue inhibitors of metalloproteinases (TIMPs), natural in-
hibitors of MMPs, is significantly decreased in AA tissue,
further exacerbating ECM degradation.

Emerging evidence suggests that iron dysregulation
and oxidative stress may further exacerbate this process
by promoting MMP activation and vascular cell death
[19,20,21]. Furthermore, alterations in micromechanical
properties of elastic lamellae have been implicated in early
failure of the vascular wall [22].

2.3 Inflammation and Immune Cell Infiltration

The inflammatory response is another core component
of AA pathogenesis. AAA tissue exhibits extensive infiltra-
tion of immune cells, including macrophages, T lympho-
cytes, B lymphocytes, and neutrophils. These cells partic-
ipate in vascular wall injury and remodeling by releasing
inflammatory cytokines and proteases [3].

Macrophages are the predominant inflammatory cells
in AA tissue, and their infiltration degree correlates with
aneurysm size and expansion rate. Macrophages can
be classified into M1 and M2 types. M1 macrophages
release pro-inflammatory cytokines like tumor necrosis
factor-alpha (TNF-a) and interleukin-6 (IL-6), activating
inflammatory responses and inducing MMP expression;
M2 macrophages are primarily involved in tissue repair,
but their function is dysregulated in AA, failing to effec-
tively curb inflammation and ECM degradation. Notably,
recent studies have highlighted the “gut-vascular axis”, sug-
gesting that gut microbiota dysbiosis (e.g., changes in Fae-
calibacterium prausnitzii abundance) may modulate sys-
temic inflammation and contribute to aneurysm develop-
ment [23,24]. Disruption of the intestinal mucosal barrier
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Fig. 1. Core pathogenic mechanisms of aortic aneurysm. Aortic aneurysm formation is driven by the interplay of genetic predispo-

sitions, environmental risk factors, and dysfunctional vascular wall cells. Key processes include dysregulation of the TGF-f signaling

pathway, inflammatory cell infiltration (e.g., macrophages, T cells) leading to protease release, degradation of the extracellular matrix

(ECM) by matrix metalloproteinases (MMPs), and smooth muscle cell (SMC) apoptosis and phenotypic switching, collectively resulting

in the loss of vascular wall integrity and progressive dilation. TGF-f, transforming growth factor-beta; LDS, Loeys-Dietz syndrome;

AAA, abdominal aortic aneurysm; COPD, chronic obstructive pulmonary disease.

and age-related changes in microbiota have also been linked
to vascular inflammation [25,26].

T lymphocytes primarily play an immunomodulatory
role in AA inflammation. Both CD4+ and CD8+ T cells
are heavily infiltrated in AAA tissue. CD4+ T cells can dif-
ferentiate into subsets like Th1, Th2, and Th17. Thl cells
release pro-inflammatory cytokines like interferon-gamma
(IFN-y), promoting macrophage activation; Th17 cells re-
lease IL-17, which can induce SMC apoptosis and MMP ex-
pression. Dysfunction of regulatory T cells (Tregs), which
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maintain immune balance by suppressing excessive inflam-
mation, may also contribute to AA pathogenesis. A de-
crease in Treg number or function might lead to uncon-
trolled inflammation [3].

The network regulation of inflammatory cytokines
plays a key role in AA progression. Serum levels of in-
flammatory markers like TNF-a, IL-6, and C-reactive pro-
tein (CRP) are significantly elevated in AAA patients and
correlate with aneurysm size, expansion rate, and rupture
risk [27].
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Fig. 2. Dysregulated extracellular matrix (ECM) remodeling in aortic aneurysm. A comparison of the aortic media in a normal

state versus an aneurysmal state. The normal architecture, with organized elastic fibers and collagen, is disrupted in the aneurysm

wall. Key features include fragmented and diminished elastic fibers, an altered collagen I/III ratio, and an imbalance between matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs), leading to net ECM degradation. Concomitant smooth muscle cell (SMC)

phenotypic switching and apoptosis further compromise the vascular wall’s structural integrity.

2.4 The Central Role of the TGF-f Signaling Pathway

The transforming growth factor-beta (TGF-) signal-
ing pathway is a key regulator of vascular wall homeostasis
and plays a dual role in AA pathogenesis. Its dysfunction
is closely linked to both inherited and sporadic AAs [11].

TGF-p pathway activation involves TGF-f ligands
binding to cell membrane receptors. In the normal vascu-
lar wall, the TGF-B pathway helps maintain ECM home-
ostasis by promoting collagen and elastic fiber synthesis;
in AA, TGF-B pathway dysfunction manifests in two pat-

terns: in genetic disorders like MFS and LDS, mutations in
TGFBR1/2 or SMAD3 lead to TGF-p pathway overactiva-
tion, inducing inflammatory responses and abnormal ECM
remodeling [11]; in sporadic AAA, the TGF-f} pathway may
be suppressed, leading to inadequate ECM synthesis and
impaired vascular wall repair capacity [6].

Animal studies confirm that inhibiting the overactive
TGF-B pathway significantly delays aortic expansion in
MFS mice; conversely, in AAA mouse models, moderate
activation of the TGF-f3 pathway can promote ECM synthe-
sis and slow aneurysm progression [6]. This dual role sug-
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gests that TGF-p pathway modulation requires precise in-
tervention based on the AA subtype and pathological state,
offering new avenues for targeted therapy.

2.5 Impact of Environmental and Comorbid Factors

Environmental risk factors and comorbid conditions
are significant contributors to sporadic AA, primarily in-
cluding smoking, hypertension, chronic obstructive pul-
monary disease (COPD), diabetes, and obesity. Social de-
terminants of health also play a role in the development
of cardiovascular-kidney-metabolic syndromes associated
with AA [12,28].

Smoking is the strongest modifiable risk factor for
AA. Smokers have a 2—6 times higher risk of developing
AAA compared to non-smokers, with a dose-response rela-
tionship [2]. Harmful substances in tobacco, such as nico-
tine and tar, directly damage endothelial cells, induce ox-
idative stress and inflammation, activate MMP expression,
and promote ECM degradation [29]; simultaneously, smok-
ing can inhibit the vascular wall’s repair capacity and re-
duce collagen synthesis, further weakening the wall struc-
ture. Studies confirm that smoking cessation significantly
reduces the expansion rate and rupture risk of AAA, making
it a key non-surgical management measure.

Hypertension is another major risk factor. Chronic hy-
pertension increases shear stress on the vascular wall, dam-
aging endothelial cells and SMCs, and activating inflam-
mation and ECM remodeling. Hypertensive patients show
more pronounced elastic fiber fragmentation in the aortic
media, higher MMP expression levels, and faster aneurysm
progression. Controlling blood pressure reduces mechan-
ical stress on the vessel wall, decreases inflammatory cy-
tokine release, and slows aneurysm expansion. Guidelines
recommend a target blood pressure below 140/90 mmHg
for AA patients, with a lower target of 130/80 mmHg for
high-risk patients [30]. Obesity is another growing con-
cern, contributing to cardiovascular aging and aneurysm
risk through systemic inflammation [31].

COPD is significantly associated with an increased
risk of AA. Approximately 7-11% of COPD patients have
AAA, possibly due to the systemic effects of chronic in-
flammation. The systemic inflammatory state in COPD pa-
tients may lead to increased inflammatory cell infiltration
in the vessel wall and MMP activation, promoting ECM
degradation; additionally, the higher prevalence of smok-
ing among COPD patients further increases AA risk [2].
Interestingly, diabetes is associated with a lower risk of de-
veloping AA, potentially due to vasculoprotective effects of
insulin [32]; however, diabetic patients face a higher risk
of postoperative complications, necessitating careful peri-
operative management.
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3. Diagnosis and Screening of Aortic
Aneurysm

Early diagnosis and accurate assessment of AA are
crucial for reducing rupture risk and improving outcomes.
The diagnostic process involves risk factor identification,
clinical evaluation, and imaging, with well-implemented
screening strategies significantly improving early detection
rates [30].

3.1 Clinical Assessment and Risk Factor Identification

Clinical assessment for AA should first focus on the
patient’s risk factor exposure history, including age, sex,
smoking history, family history, hypertension, COPD, and
diabetes [2,6]. Age is a significant risk factor, with AAA
incidence markedly increasing in individuals over 65 years
old. The prevalence is 3—4 times higher in men (4-8%) than
in women (0.5-2%); a positive family history substantially
increases risk; individuals with a first-degree relative af-
fected by AAA have a screening detection rate as high as
30% [6].

Clinical symptoms of AA relate to the aneurysm’s lo-
cation, size, and whether it has ruptured. Most AAA pa-
tients are asymptomatic in the early stages, often discov-
ered incidentally during physical examination or imaging;
larger aneurysms or those compressing surrounding tissues
may cause vague abdominal pain, back pain, or abdominal
distension. TAA patients may experience chest pain, chest
tightness, or dyspnea. Compression of the airway, esoph-
agus, or nerves can lead to cough, dysphagia, or hoarse-
ness [8]. The classic triad for rupture is sudden, severe ab-
dominal/chest pain, hypotension, and a pulsatile abdominal
mass, indicating a medical emergency requiring immediate
treatment.

Physical examination has limited diagnostic value for
AA. Many AAAs are not palpable due to deep location
or patient obesity; only about 30-40% of AAA patients
present with a pulsatile mass on abdominal palpation. How-
ever, a physical exam may reveal signs of peripheral arterial
disease (e.g., diminished lower limb pulses), which is asso-
ciated with an increased risk of AA and warrants further
screening. For suspected rupture, the physical exam should
rapidly assess vital signs, abdominal tenderness, and pul-
satile mass to determine severity [30]. In some cases, clin-
ical features may overlap with other vascular conditions,
requiring careful differential diagnosis [33].

3.2 Application and Comparison of Imaging Techniques

Imaging is the cornerstone of AA diagnosis and as-
sessment. Common techniques include ultrasound, CTA,
and MRA, each with advantages and specific scenarios for
use (Fig. 3).

Ultrasound is the preferred imaging modality for
screening and surveillance due to its non-invasive nature,
convenience, low cost, and lack of ionizing radiation. It ac-
curately measures aneurysm diameter, extent, and assesses


https://www.imrpress.com

the presence of thrombus [34]. Its sensitivity for detect-
ing AAA >3 cm exceeds 95%, with near-perfect speci-
ficity. Limitations include interference from patient obesity
or bowel gas, difficulty visualizing anatomic details like
renal artery origins or iliac involvement, limited value for
TAA, and inability to reliably diagnose rupture.

CTA is the gold standard for preoperative assess-
ment, providing detailed visualization of aortic anatomy,
aneurysm location, size, morphology, neck length and an-
gle, and involvement of branch vessels, which is critical for
surgical planning [35]. Its high spatial resolution allows for
3D reconstruction, accurately assessing wall calcification,
thrombus, and surrounding tissue invasion; for suspected
rupture, CTA can quickly confirm the diagnosis, showing
the rupture site, extent of hemorrhage, and involvement of
adjacent structures. Drawbacks include the use of iodinated
contrast (risk of allergy), ionizing radiation, making it un-
suitable for patients with renal impairment or pregnancy
[30].

MRA is an important complementary technique, par-
ticularly for patients with renal insufficiency, contrast al-
lergy, or when avoiding radiation is necessary [1]. MRA
provides anatomic detail comparable to CTA, accurately
measures aneurysm parameters, and can assess wall in-
flammation; contrast-enhanced MRA offers superior hemo-
dynamic assessment, effectively identifying complications
like endoleak. Recent advances include 4D flow MRI for
functional assessment of hemodynamics [36]. Disadvan-
tages include longer scan times, making it less suitable for

unstable patients, and incompatibility with certain metallic
implants [30].

Other techniques like digital subtraction angiography
(DSA), once a primary diagnostic tool, are now primarily
used for intraoperative imaging due to their invasive na-
ture, high contrast load, and radiation dose [2]. Recently,
techniques like cone-beam CT and contrast-enhanced ul-
trasound are increasingly used. Contrast-enhanced ultra-
sound improves the detection of small aneurysms and en-
doleaks, while cone-beam CT provides rapid intraoperative
3D anatomic information.

3.3 Screening Strategies and Guideline Recommendations

Screening for AA is key to early detection and re-
ducing rupture risk. Population-based screening strategies
can significantly reduce AAA-related mortality. Current
national and international guidelines recommend screening
primarily based on risk stratification, focusing on high-risk
populations [30].

The U.S. Preventive Services Task Force (USPSTF)
recommends one-time ultrasound screening for men aged
65-75 with a history of smoking; for men who never
smoked or for women, routine screening is not recom-
mended, but selective screening may be considered for
women with a family history or smoking history. The So-
ciety for Vascular Surgery (SVS) guidelines offer broader
recommendations, suggesting one-time ultrasound screen-
ing for men aged 65 and older, men aged 55 and older with a
family history of AAA, and women aged 65 and older with

Fig. 3. Multimodality imaging assessment of abdominal aortic aneurysms. (A) Axial CTA image, (B) coronal maximum inten-

sity projection (MIP), and (C) volume-rendered (VR) reconstruction demonstrating an infrarenal AAA (white arrows) with clear vi-
sualization of the aneurysm neck and iliac arteries. (D) Axial T1-weighted image (T1WI), (E) T2-weighted image (T2WI), and (F)
contrast-enhanced T1WI showing an infrarenal AAA (white arrows) with a filling defect consistent with intraluminal thrombus. (G)

Coronal three-dimensional reconstruction image reveals the AAA (red arrow) and bilateral iliac artery aneurysms (white arrows). CTA,

computed tomography angiography.
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a family history or smoking history [30]. European guide-
lines recommend universal screening for men aged 65-74,
reserving screening for women only with a family history
or smoking history.

Management of screening results is stratified by aor-
tic diameter, guiding surveillance intervals and intervention
decisions (Fig. 4). Specifically, individuals with an aor-
tic diameter <3 cm require no further follow-up or a repeat
scan in 10 years; patients with AAA diameters of 3.0-3.9
cm should undergo ultrasound every 3 years; 4.0-4.9 cm,
annually; 5.0-5.4 cm, every 6 months; men with diameters
>5.5 cm or women with diameters >5.0 cm should be evalu-
ated promptly for surgical intervention [30]. Additionally,
patients with an expansion rate >0.5 cm/6 months require
intensified monitoring or consideration for intervention, re-
gardless of absolute diameter.

Screening implementation should consider cost-
effectiveness and population characteristics. In regions
with high smoking rates, screening in male populations
is more cost-effective [37]; given the lower incidence in
women, screening only high-risk women is more reason-
able. Recently, the use of electronic health records and
“best practice alert” systems has significantly improved
screening coverage and reduced missed diagnoses. Recent
data suggests that social determinants of health should also
be considered when designing screening programs to ensure
equitable access [28].

4. Clinical Management of Aortic Aneurysm

The clinical management of AA is a comprehensive
process aimed at preventing rupture and improving patient
outcomes. It encompasses surgical intervention, pharmaco-
logical therapy, and complication management, with treat-
ment plans individualized based on aneurysm characteris-
tics, comorbidities, and age [30].

4.1 Surgical Treatment: Evolution of Open and
Endovascular Repair

Surgical intervention is the cornerstone of AA treat-
ment, primarily consisting of open surgical repair (OSR)
and endovascular aneurysm repair (EVAR), with TEVAR
being the application of EVAR principles to the thoracic
aorta (Fig. 5). The core principle of both approaches is to
eliminate the risk of rupture by placing a graft or prosthetic
conduit to exclude the aneurysmal segment.

OSR is the traditional approach. For AAA, OSR
involves accessing the aorta via an abdominal incision
(transperitoneal or retroperitoneal), exposing the aneurysm,
resecting the aneurysmal segment, and implanting a pros-
thetic graft to restore blood flow. For TAA, OSR re-
quires a thoracic or thoracoabdominal incision to expose
the thoracic aorta for graft replacement. The advantages
of OSR include direct visualization, ability to handle com-
plex anatomies, excellent long-term durability, and low re-
intervention rates [13]. However, OSR is highly invasive,
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carries a higher perioperative mortality rate (3—6%), higher
risk of postoperative complications (e.g., pulmonary infec-
tion, renal insufficiency, bowel ischemia), and longer hos-
pital stays compared to EVAR.

EVAR is a minimally invasive technique involving
percutaneous access via the femoral or brachial arteries.
A stent-graft is delivered through the vasculature to the
aneurysm site, deployed to exclude the aneurysm from sys-
temic pressure. EVAR offers advantages of reduced trauma,
lower perioperative mortality (1-2%), and faster recovery,
making it the preferred treatment for AAA patients with
suitable anatomy [13,38]. Similarly, TEVAR has signif-
icantly improved outcomes for TAA patients, especially
high-risk cases or those with complex anatomy [8]. How-
ever, EVAR is limited by anatomic constraints, requiring
adequate proximal neck length (>10—15 mm), favorable
neck angle (<60°), and absence of severe calcification or
thrombus. Long-term monitoring is necessary for compli-
cations like endoleak, stent migration, and graft infection.

Advances in complex EVAR techniques have signif-
icantly expanded the indications for endovascular treat-
ment. These include chimney EVAR (ch-EVAR), fen-
estrated EVAR (f-EVAR), and branched stent-graft tech-
niques, which can treat juxtarenal, pararenal, or thoracoab-
dominal aneurysms, addressing anatomic challenges not
suitable for standard EVAR [39]. ch-EVAR involves plac-
ing parallel stents alongside the main graft to preserve flow
to visceral arteries; f-EVAR uses custom grafts with fenes-
trations (holes) aligned precisely with visceral artery ori-
gins. Studies confirm high technical success rates (91—
100%) for complex EVAR, with 30-day mortality below
3.4%, but re-intervention rates are relatively higher (around
15%), necessitating diligent long-term follow-up [39].

4.2 Controversies in Surgical Indications and Timing

The selection of surgical candidates and optimal tim-
ing are central controversies in AA management. Cur-
rent guideline recommendations are primarily based on
aneurysm diameter, expansion rate, symptoms, and individ-
ual patient factors, but several issues remain debated [30].

Aneurysm diameter is the primary criterion for deter-
mining the timing of elective surgery. Guidelines recom-
mend elective repair for men with AAA diameters >5.5 cm
and women with diameters >5.0 cm [30]. This is based on
studies showing the annual rupture risk for AAA >5.5 cm
is high (9.4-32.5%), and the benefit of surgery outweighs
the risk. The threshold is lower for women because female
AAA has a higher rupture risk for a given size, and ruptures
often occur at smaller diameters. For men with diameters
of 5.0-5.4 cm and women with 4.5-4.9 cm, timing should
be individualized, considering expansion rate, age, and co-
morbidities.

Aneurysm expansion rate is another important fac-
tor. Guidelines suggest intervention for expansion >0.5
c¢m/6 months [30]. Rapid expansion significantly increases
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flowchart outlines the recommended surveillance intervals and intervention thresholds for AAA identified through screening. The path-

way is initiated by the detection of an AAA and is primarily driven by its maximum diameter, with accelerated expansion (>0.5 cm/6

months) or the onset of symptoms prompting re-evaluation for int
surgical consideration in female patients.

rupture risk, warranting intervention even if the diame-
ter threshold is not met. Symptomatic AA patients (e.g.,
with abdominal or back pain) require prompt evaluation for
surgery regardless of size, as symptoms often indicate im-
pending rupture.

The need for early surgery in asymptomatic patients
with small AAA (<5.5 cm) remains controversial. The
UK Small Aneurysm Trial and Aneurysm Detection and
Management (ADAM) Trial found that early surgery did
not improve long-term survival for small AAA patients
and increased perioperative mortality, thus recommending
surveillance over early intervention [40]. However, re-
cent studies suggest that early EVAR might reduce long-
term rupture risk and improve outcomes for younger, low-
risk patients [40]. The timing of intervention for small

ervention regardless of size. Note the lower diameter threshold for

AAAs in patients undergoing other major procedures (e.g.,
chemotherapy, organ transplant) requires shared decision-
making, balancing surgical risk against the risk of disease
progression.

4.3 Current Status and Potential Targets of
Pharmacological Therapy

Pharmacological therapy is an important component
of comprehensive AA management, primarily aiming to
control risk factors, slow aneurysm progression, and reduce
postoperative complication risks. However, currently, no
specific drug is approved to arrest aneurysm growth [3,5].

Current recommended pharmacological management
focuses on controlling blood pressure, lipids, and smoking
cessation. Antihypertensive therapy reduces mechanical
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Aortic Aneurysm Treatment: Open Surgical Repair (OSR)

vs. Endovascular Ane

urysm Repair (EVAR)

Open Surgical Repair (OSR)

-

Endovascular Aneurysm Repair (EVAR) |

Characteristics: Highly
invasive, longer recovery,

Invasive Access:
Large abdominal
incision, direct
visualization.

Procedure: Aorta
clamped, aneurysm
sac opened, graft
sewn in.

aneurysm.

Procedure: Stent-graft
delivered via catheter,
deployed to exclude

Comparison
Summary & .,Z,S..,— L2\
Considerations Pl !

OSR is preferred for younger, lower-risk
patients or complex anatomy due to
long-term durability.

EVAR is preferred for suitable anatomy,
elderly, or high-risk patients due to lower
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Fig. 5. Schematic comparison of open surgical repair (OSR) and endovascular aneurysm repair (EVAR). Left. OSR for an abdom-

inal aortic aneurysm (AAA) involves a laparotomy, direct dissection and opening of the aneurysm, and the implantation of a prosthetic

graft, which is sutured in place above and below the aneurysmal segment. Right. EVAR is a minimally invasive procedure where a stent-

graft is delivered via the femoral artery under fluoroscopic guidance. The stent-graft is deployed within the aorta, effectively excluding

the aneurysm from systemic pressure and inducing thrombus formation within the sac. Key anatomical landmarks and procedural steps

are illustrated.

stress on the vessel wall, inflammation, and ECM degrada-
tion. Guidelines recommend using angiotensin-converting
enzyme (ACE) inhibitors, angiotensin receptor blockers
(ARBES), beta-blockers, or diuretics to achieve a target blood
pressure <140/90 mmHg [30]. Statins, with their anti-
inflammatory, antioxidant, and MMP-inhibiting properties,
reduce cardiovascular complication risks in AA patients.
While some studies suggest statins may slow AAA expan-
sion, guidelines do not recommend their use solely for this
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purpose [30]. Smoking cessation is a critical non-surgical
measure, significantly reducing expansion rate and rupture
risk, and should be counseled at every follow-up.
Research into potential targeted therapies is active, fo-
cusing on inflammation, ECM remodeling, and the TGF-
B pathway. MMP inhibitors (e.g., doxycycline) can in-
hibit ECM degradation; animal studies showed delayed
AAA progression, but clinical trials have not confirmed sig-
nificant efficacy [41]. TGF-B pathway modulators show
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promise, particularly for genetic AAs; clinical studies in
MEFS patients confirmed that losartan (an ARB) can in-
hibit the overactive TGF- pathway and delay aortic expan-
sion [11]. Anti-inflammatory drugs like IL-1p inhibitors or
TNF-a inhibitors can suppress inflammation; animal stud-
ies are promising, but clinical research is ongoing.

Other agents, like antibiotics (e.g., roxithromycin)
targeting Chlamydia pneumoniae-associated inflammation,
failed to show benefit in clinical trials. Beta-blockers
(e.g., propranolol) were tested but multiple randomized
controlled trials (RCTs) found no significant effect on AAA
progression and poor tolerability. Recent experimental and
observational evidence suggests that anti-diabetic drugs,
specifically metformin and GLP-1 receptor agonists, may
be associated with reduced AAA growth, potentially offer-
ing a new therapeutic avenue [32,42,43]. Lifestyle inter-
ventions, such as physical activity, also show potential ben-
efits in modulating cardiometabolic risk factors [44]. Exer-
cise training has been suggested to be safe and effective for
patients with small AAAs [45]. Future drug development
should focus on precision targeting based on patient geno-
type and pathological phenotype for individualized therapy.

4.4 Diagnosis and Management of Complications

Complications of AA, including intraoperative and
postoperative events, significantly impact prognosis.
Timely diagnosis and effective management are crucial for
improving outcomes.

Intraoperative complications include hemorrhage,
vascular injury, and visceral ischemia. Major bleeding, the
most serious complication during OSR, often due to fragile
vessels or anastomotic failure, requires prompt hemostasis,
blood product transfusion, and possibly cell salvage tech-
niques. Vascular injuries like dissection or perforation are
more common during EVAR and require management with
balloon inflation or additional stent placement [46]. Vis-
ceral ischemia (e.g., bowel, renal) can result from vessel
clamping or embolism; preoperative assessment of visceral
anatomy, minimizing clamp time, and postoperative moni-
toring can reduce its incidence.

Postoperative complications include endoleak, stent
migration, graft infection, bowel ischemia, and renal dys-
function. Endoleak, the most common complication after
EVAR, is defined as persistent blood flow outside the stent-
graft lumen but within the aneurysm sac (Fig. 6). Types
include I (inadequate seal at proximal or distal attachment
sites), II (retrograde flow from branch vessels, such as the
inferior mesenteric or lumbar arteries), I1I (disconnection or
tear of the stent-graft fabric), and IV (blood flow through
the graft fabric pores, typically self-limiting) [46]. Type
I and III endoleaks usually require prompt treatment (e.g.,
balloon angioplasty, stent extension, embolization). Type II
endoleaks can often be monitored if the aneurysm is stable
but may need intervention if associated with sac expansion
[46]. Stent migration, often due to unfavorable anatomy or
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inappropriate device selection, may require stent extension
or conversion to open repair.

Graft infection is a serious complication (~0.3% inci-
dence), presenting with fever, chills, wound issues, or pseu-
doaneurysm formation. It requires prompt antibiotic ther-
apy and potentially surgical removal of the infected graft
and vascular reconstruction [47]. Bowel ischemia is a seri-
ous complication after OSR (1-3% incidence), presenting
with abdominal pain, diarrhea, or bloody stools. Diagno-
sis is confirmed by endoscopy; mild cases may be managed
conservatively, while severe cases require bowel resection.
Renal dysfunction can result from intraoperative ischemia
or contrast-induced nephropathy. Preoperative hydration,
renal protection during surgery, and postoperative monitor-
ing can reduce its risk.

5. Controversies and Unresolved Challenges

Despite significant progress, several controversies and
unresolved issues persist in AA management, directly im-
pacting clinical decision-making and patient outcomes [30].

5.1 Optimizing Screening Strategies

Current screening strategies primarily rely on tradi-
tional risk factors like age, sex, smoking history, and fam-
ily history. However, some high-risk individuals might be
missed. For example, should younger individuals (<65)
with a family history of AA or individuals without smok-
ing history but with multiple other risk factors (e.g., hyper-
tension, COPD) be included in screening programs? Fur-
thermore, the optimal screening interval and the necessity
of repeat screening are debated. While a 10-year rescreen-
ing interval might suffice for those with a diameter <3 cm,
shorter intervals might be needed for those with a strong
family history or prolonged smoking history.

5.2 Controversies in Surgical Timing and Modality
Selection

For male AAA patients with diameters between 5.0—
5.5 cm, the choice of surgical timing requires balancing op-
erative risk against rupture risk. Younger, lower-risk pa-
tients might benefit from earlier intervention, while older,
higher-risk patients might be better served by intensive
surveillance [40]. The choice of treatment for complex
anatomy aneurysms (e.g., juxtarenal, thoracoabdominal) is
also contentious. OSR offers more durable long-term re-
sults but is highly invasive. Complex EVAR is minimally
invasive but carries a higher re-intervention rate, necessitat-
ing individualized decisions based on specific patient cir-
cumstances [39].

5.3 Efficacy of Pharmacological Therapy

There are currently no specific drugs that can signif-
icantly delay AA progression; the main benefits of statins,
ACE inhibitors, and beta-blockers lie in controlling car-
diovascular complications rather than directly inhibiting
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aneurysm expansion [30]. Clinical studies on potential tar-
geted drugs such as MMP inhibitors and anti-inflammatory
drugs have not yielded satisfactory results, possibly due to
drug specificity, dose selection, treatment timing, and other
factors [41]. Future drug therapy requires more precise tar-
get identification and individualized regimen development.

5.4 Postoperative Monitoring and Complication
Management Controversies

The frequency and methodology of postoperative
surveillance following EVAR remain subjects of debate.
Guidelines typically recommend computed tomography an-

giography (CTA) scans at 1 month, 6 months, and 12
months post-procedure, followed by annual imaging [30].
However, some studies suggest that if the 1-month scan
shows no abnormalities, the 6-month CTA might be omit-
ted in favor of ultrasound surveillance, potentially reducing
radiation exposure and contrast-induced nephropathy risk,
especially in patients with renal impairment. The manage-
ment of endoleaks is particularly contentious. While type I
and IIT endoleaks generally require intervention due to the
persistent risk of rupture, the management of type II en-
doleaks is less clear-cut. Some asymptomatic type II en-
doleaks can be monitored safely over the long term if the

Classification of Endoleaks After
Endovascular Aneurysm Repair (EVAR)

A

Type | Endoleak
(Inadequate Seal)

1A: Proximal

(Top)
Seal Failure

IB: Distal
(Bottom)
Seal Failure

Persistent blood flow at graft
attachment sites due to ineffective
sealing.

Type lll Endoleak
(Component Failure)

A\ ma: Component
Disconneclion[

Leakage through a defect in the
graft fabric or disconnection of
modular components.

Type Il Endoleak
(Branch Vessel Backflow)

Retrograde blood flow from collateral
branches (e.g., lumbar, IMA) into the
sac.

Type IV Endoleak
(Graft Porosity)

Transient leakage of blood through
the pores of the graft fabric, usually
intraoperative.

Fig. 6. Classification of endoleaks after endovascular aneurysm repair. Schematic illustrations of the four primary types of endoleak,

characterized by the source of persistent blood flow into the excluded aneurysm sac. Type I: Inadequate seal at the proximal (Ia) or distal

(Ib) attachment zones. Type II: Retrograde perfusion from patent branch arteries (e.g., inferior mesenteric artery or lumbar arteries).

Type I11: Leakage due to component separation or fabric tear. Type I'V: Leakage through the graft fabric, often seen during implantation

and usually transient. Types I and III are considered high-risk and typically require intervention, whereas Type Il may be managed

conservatively with surveillance. IMA, inferior mesenteric artery.
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aneurysm sac is stable or shrinking. However, interven-
tion is warranted if associated with sac expansion (>5 mm),
but the optimal timing and method of intervention (e.g.,
transarterial embolization, laparoscopic ligation of collat-
eral vessels) lack standardized consensus [46]. The choice
of monitoring technology also involves trade-offs. While
CTA is the traditional standard for detecting endoleaks and
measuring sac diameter, concerns about cumulative radia-
tion dose and nephrotoxic contrast have prompted the ex-
ploration of alternatives. Duplex ultrasonography is a valu-
able, non-invasive tool for follow-up, but its accuracy can
be operator-dependent and limited by patient body habitus
or bowel gas [34]. Contrast-enhanced ultrasound (CEUS)
has been shown to improve the sensitivity for detecting en-
doleaks compared to standard duplex and may be compara-
ble to CTA for this purpose, offering a radiation-free alter-
native. Furthermore, magnetic resonance imaging (MRI),
particularly with specific contrast protocols, may offer su-
perior sensitivity for detecting certain types of endoleaks
compared to CTA, but its higher cost, longer scan time, and
contraindications in patients with certain metallic implants
limit its widespread use for routine surveillance. The evolv-
ing landscape of imaging technologies necessitates ongoing
re-evaluation of surveillance protocols to optimize patient
safety and diagnostic accuracy.

6. Future Perspectives: Precision Medicine
and Technological Innovation

The diagnosis and treatment of AA are poised to ad-
vance towards greater precision, minimal invasiveness, and
personalization. The integration of basic research and clin-
ical technology will provide new insights to address current
controversies and challenges [3,6].

6.1 Application of Precision Medicine in AA Management

Advances in genetic sequencing technologies will en-
able more precise identification of causative genes in hered-
itary AA, facilitating early screening and risk stratifica-
tion through genetic testing [6]. For instance, genetic test-
ing in patients with familial AA can identify the specific
pathogenic mutation, providing a basis for genetic counsel-
ing and screening recommendations for relatives. Studies
on outcomes of genetic counseling have shown its impor-
tance in patient management [48]. Genetic testing in spo-
radic AA patients may identify underlying genetic suscep-
tibility factors, enabling personalized risk assessment [3,6].
Furthermore, selecting targeted therapies based on a pa-
tient’s genetic profile and pathological phenotype will sig-
nificantly improve the efficacy of pharmacological treat-
ments. Examples include using losartan for patients with
overactive TGF-f signaling pathways or specific MMP in-
hibitors for patients with high MMP expression [11]. Epi-
genetic regulation is also emerging as a key factor in AA
development, offering new potential biomarkers [49].
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6.2 Development of Novel Therapeutic Targets

Deeper basic research will uncover more critical tar-
gets in AA pathogenesis, such as key cytokines in inflam-
mation (e.g., IL-17, TNF-a), key enzymes in ECM re-
modeling (e.g., MMP-9, TIMP-1), and regulators of vas-
cular wall cell phenotypic switching [3]. Novel drugs tar-
geting these pathways (e.g., monoclonal antibodies, small
molecule inhibitors) will enter clinical trials, potentially of-
fering new options for AA pharmacotherapy. Identifying
biomarkers for vascular aging in aortic tissues may pro-
vide early targets for intervention [50]. Additionally, in-
novative approaches like cell therapy (e.g., mesenchymal
stem cell transplantation) and gene therapy (e.g., silenc-
ing MMP genes, overexpressing TIMP-1) are under explo-
ration. Animal studies have confirmed their potential to
delay aneurysm progression, and they may eventually find
clinical application.

6.3 Evolution of Imaging Technologies

Advancements in imaging will further enhance the
precision of AA diagnosis and assessment. For exam-
ple, three-dimensional ultrasound and elastography tech-
niques can assess vessel wall stiffness and elasticity, po-
tentially predicting aneurysm expansion rate and rupture
risk by analyzing local variations in material properties
[51]. Positron emission tomography-computed tomogra-
phy (PET-CT) can evaluate the degree of inflammation in
the vessel wall, providing valuable information for disease
assessment and monitoring treatment response. Functional
assessment of aneurysms is becoming increasingly impor-
tant for risk stratification [36]. The application of artifi-
cial intelligence (Al) can enable automated measurement
of aneurysm parameters, intelligent analysis of anatom-
ical structures, and computer-assisted surgical planning,
thereby improving diagnostic and therapeutic efficiency
and accuracy.

6.4 Optimization of Minimally Invasive Techniques

Continuous refinement of EVAR technology will ex-
pand the indications for endovascular therapy and improve
surgical outcomes and safety. For example, the develop-
ment of softer, more conformable stent-grafts that better
adapt to vascular anatomy can reduce the incidence of stent
migration and endoleak [39]. Rapid manufacturing tech-
nologies for customized fenestrated and branched stents can
shorten waiting times for surgery and improve the treatment
of complex aneurysms. Moreover, the adoption of robotic-
assisted surgery and percutaneous EVAR techniques will
further reduce surgical trauma and improve patient recov-

ery.

7. Conclusion

Aortic aneurysm is a complex degenerative vascular
disease whose pathogenesis involves multiple levels, in-
cluding genetic factors, ECM remodeling, inflammatory re-
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sponses, and signaling pathway dysregulation. Advances
in diagnostic techniques have enabled early identification
and precise assessment of the disease. The comprehen-
sive application of surgical intervention and pharmacolog-
ical treatment has significantly reduced patient mortality.
However, the management of AA still faces numerous con-
troversies and challenges, including the optimization of
screening strategies, personalized selection of surgical tim-
ing and approach, the development of effective drugs, and
the long-term management of postoperative complications.
In thefuture, with the continued development of preci-
sion medicine, novel targeted therapies, imaging technolo-
gies, and minimally invasive techniques, the management
of AA will transition from a “one-size-fits-all” to a person-
alized approach. Genetic testing will enable early risk strat-
ification, novel pharmacological interventions may slow
disease progression, precise minimally invasive surgery
will reduce treatment risks, and Al technologies will op-
timize clinical workflows, ultimately improving long-term
patient outcomes. The close integration of basic research
and clinical practice is expected to bring new breakthroughs
in the diagnosis and treatment of AA, potentially enabling
effective prevention, early diagnosis, and precise therapy.
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