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Abstract

Background: Pulmonary arteriovenous malformations (PAVMs) are abnormal vascular
connections between the pulmonary arteries and veins, often leading to significant clinical
complications. Embolisation has become the primary therapeutic modality for managing
symptomatic PAVMs, with advancements in both technique and technology improving
patient outcomes. Recent progress includes the introduction of precisely targeted em-
bolisation techniques, such as cone-beam computed tomography (CBCT) guidance and
three-dimensional imaging, enabling more accurate identification and treatment of com-
plex, multiple, or peripheral lesions. Additionally, vascular plugs and microcoils have
demonstrated superior performance in terms of lower recurrence rates and more complete
occlusion of feeding vessels compared to traditional devices. The use of endovascular
navigation systems has further enhanced procedural success. Aim: The objective of this re-
view is to explore the latest innovations in embolisation therapies for PAVMs, emphasising
emerging techniques, devices, and strategies that have refined treatment efficacy and safety.
Methods: We performed a focused literature search to identify key publications relevant to
current approaches in thoracic vascular imaging. Searches were conducted in PubMed and
Embase using combinations of terms related to ‘thoracic imaging,’ ‘vascular,’ ‘Computed
Tomography (CT) angiography,’ and ‘MRI.’ Additional articles were identified from refer-
ence lists of major reviews and landmark studies. Priority was given to publications from
the past 10 years, with older key papers included when historically relevant. Selection was
based on thematic relevance rather than formal criteria. Conclusions: Advancements in
patient selection and pre-procedural planning, driven by enhanced imaging modalities
such as CT pulmonary angiography (CTPA) and contrast-enhanced ultrasound, have led
to improved outcomes and reduced complications. While the benefits of embolisation are
well-documented, ongoing research continues to explore the long-term outcomes, including
post-embolisation pulmonary function, recurrence rates, and quality of life improvements.

Keywords: pulmonary arteriovenous malformation (PAVM); embolisation; treatment
outcomes; interventional radiology

1. Introduction
1.1. Definition and Clinical Significance

Pulmonary arteriovenous malformations (PAVMs) are rare vascular anomalies charac-
terised by direct connections between pulmonary arteries and veins, leading to a pathologi-
cal right-to-left shunt within the pulmonary circulation [1]. PAVMs can vary significantly
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in both size and complexity, and in some cases, patients may present with over 100 lesions—
classified as diffuse PAVMs [2]. Pulmonary arteriovenous malformations are classified
as simple when a single feeding artery connects to a single draining vein, whereas le-
sions involving multiple feeding arteries and/or draining veins are designated as complex
PAVMs [2].

First identified by Churton in 1897, PAVMs are estimated to affect around 1 in
2600 people based on limited prevalence data cited in the British Thoracic Society’s Clinical
Statement on PAVMs [1,3]. Retrospective studies also suggest that PAVMs occur roughly
twice as frequently in females as in males [1].

1.2. Etiology

Pulmonary arteriovenous malformations (PAVMs) arise from abnormalities in angio-
genesis and vessel remodeling [1]. Normally, a primitive capillary plexus forms between
arteries and veins and remodels into a mature vascular network [4]. In PAVMs, this process
is disrupted, creating direct arteriovenous connections that bypass the pulmonary capillary
system, causing right-to-left shunts [1].

A major cause of PAVMs is hereditary haemorrhagic telangiectasia (HHT), an auto-
somal dominant disorder affecting mucocutaneous surfaces, lungs, liver, gastrointestinal
tract, and CNS, with a prevalence of around 1 in 10,000 [1,5–8]. Other risk factors in-
clude hepatopulmonary syndrome (HPS), where liver dysfunction leads to hypoxaemia
via vasodilators like nitric oxide and angiogenic factors such as VEGF, promoting direct
artery-to-vein connections [1,9]. Congenital heart defects, particularly in univentricular pa-
tients post-Glenn or Fontan procedures, also contribute by excluding hepatic venous blood
from the pulmonary circulation, leading to abnormal pulmonary vascular remodeling and
PAVM formation [10].

1.3. Historical Perspective of Embolisation as a Treatment

Historically, PAVMs were treated with surgical resection via thoracotomy and lobec-
tomy [11,12]. While effective, this approach was invasive and carried high morbidity
due to the removal of healthy lung tissue. It has largely been replaced by percutaneous
transcatheter embolisation, a minimally invasive technique using coils to occlude abnormal
vessels [12]. This method offers lower risk, faster recovery, and a clinical success rate
of around 75%, making it the preferred first-line treatment [11]. This review highlights
advancements in embolisation techniques and their role in improving patient outcomes.

2. Pathophysiology and Clinical Presentation of PAVMs
2.1. Right-to-Left Shunting and Hypoxaemia

PAVMs facilitate aberrant right-to-left shunting, wherein deoxygenated blood from
the pulmonary arterial circulation bypasses the alveolar capillary interface and enters the
systemic circulation without undergoing gas exchange [3]. This physiological derangement
leads to a reduction in arterial oxygen level (PaO2) and oxygen saturation (SaO2), thereby
resulting in hypoxaemia [3]. The severity of hypoxaemia is closely related to the extent
of right-to-left shunting, with larger shunt volumes leading to greater impairment in
oxygenation [3]. Typically, when 50% of the cardiac output is shunted, arterial oxygen
saturation (SaO2) falls to approximately 60%; in comparison, a 30% shunt is associated with
a saturation of around 80%, while a 10% shunt corresponds to roughly 90% saturation [3].

Interestingly, despite the significant reduction in oxygen saturation, patients with small
PAVMs often do not experience noticeable dyspnoea, even during physical exertion or air
travel [3]. This is largely attributed to various compensatory physiological mechanisms.
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Instead, they may present with non-specific symptoms such as dizziness, fatigue, or
palpitations [3].

2.2. Loss of Capillary Filter Function and Paradoxical Emboli

Under normal physiological conditions, the pulmonary capillary network serves as
a crucial biological filter, effectively removing microorganisms, microthrombi, and other
particulate matter from the venous circulation [13]. In individuals with PAVMs, this filtering
mechanism is bypassed due to direct arteriovenous connections, thereby increasing the
risk of unfiltered embolic material entering the systemic circulation [14].This scenario
predisposes patients to potentially serious complications, including cerebral abscesses and
paradoxical emboli, which most often affect the cerebral circulation but can occur in any
artery, potentially causing life- or limb-threatening events such as stroke or myocardial
infarction [14]. Evidence shows that as many as 18% of patients with PAVMs suffer from
stroke, and modelling data suggest that at least 25% of those with untreated PAVMs will
experience a stroke before the age of 65 [15].

2.3. Cardiac Compensation and Heart Failure

The presence of PAVMs can also contribute to a hyperdynamic circulatory state char-
acterised by increased cardiac output [16]. This occurs as the heart compensates for
the right-to-left shunt and resultant hypoxaemia by increasing stroke volume and heart
rate to maintain adequate tissue oxygen delivery [16]. In patients with extensive AVMs,
this chronic volume overload can lead to high-output heart failure [16]. Cho et al. de-
scribed cases of HHT patients developing high-output cardiac failure due to significant
hepatic AVMs, but pulmonary AVMs can similarly impose a sustained burden on cardiac
function [17]. Over time, the heart’s compensatory mechanisms may become insuffi-
cient, resulting in myocardial decompensation and clinically evident heart failure [16].
Echocardiography in affected patients typically demonstrates compensatory left ventricular
(LV) dilatation and LV hypertrophy with preserved or high systolic function, while high-
output heart failure may present predominantly as diastolic dysfunction. Unlike congenital
left-to-right shunts (which more commonly cause marked pulmonary vascular remod-
eling and pulmonary hypertension), isolated PAVMs usually do not produce significant
pulmonary hypertension.

Although PAVMs are rare, they can cause serious complications such as ischaemic
stroke, myocardial infarction, cerebral or systemic abscesses, and, rarely, massive haemopty-
sis or haemothorax [1]. Pregnancy in affected individuals also carries higher risks, including
maternal mortality [3].

Early recognition and diagnosis are crucial. Common features include epistaxis—the
most frequent symptom—and respiratory or cardiovascular manifestations [1,3]. Dyspnoea,
reported in 13 to 56% of cases, is more common in patients with large AVMs or digital
clubbing [1]. Other signs may include pleuritic chest pain, palpitations, cough, murmurs,
cyanosis, and reduced exercise tolerance [1]. Prompt identification, particularly in at-risk
patients, is essential for timely evaluation and to reduce the risk of severe complications,
making a high index of suspicion key.

2.4. Diagnostic Pathways

In terms of diagnosis, transthoracic contrast echocardiography (TTCE) and chest CT
angiography are the primary modalities for screening and evaluating PAVMs in patients
with HHT [18,19]. TTCE is the preferred screening tool, with a sensitivity of up to 98.6% [18].
However, chest CT angiography is considered the gold standard for diagnosis, offering
superior anatomical resolution, accurate localisation (including multiple or diffuse lesions),
and detailed characterisation of PAVMs (e.g., simple vs. complex) [19]. It also plays a
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crucial role in guiding embolisation planning and post-procedural follow-up [19]. In
contrast, other tests, such as pulse oximetry, chest radiography, arterial PaO2, and shunt
measurements, have significantly lower sensitivity and are not recommended as primary
screening tools [18].

3. Conventional Embolisation Techniques
3.1. Indications and Patient Selection

The British Thoracic Society Clinical Statement on PAVM has clearly stated that all
patients with PAVMs that are visible on imaging should be referred to interventional spe-
cialists skilled in embolisation procedures [3]. The criteria for embolisation of asymptomatic
PAVMs have been a subject of ongoing debate, particularly following the introduction of
the so-called “3 mm guideline,” which historically led some institutions to adopt a 3 mm
size threshold as the minimum criterion for intervention [3].

In 1992, Rosenblatt and colleagues performed an investigative analysis on a cohort of
17 patients, each presenting with a singular dominant PAVM [20]. Their study identified
that eight of these individuals demonstrated radiological evidence of cerebral infarctions on
magnetic resonance imaging (MRI) scans, indicative of prior ischemic events [20]. Notably,
four patients experienced clinically apparent strokes, with the feeding arteries supplying
their PAVMs measuring within a range of approximately 2.9 to 4.5 mm in diameter [20].
These clinical and imaging findings contributed to the formulation of a practical threshold—
commonly referred to as the “3 mm guideline”—which advocates for the consideration of
therapeutic embolisation in PAVMs exhibiting feeding arteries equal to or exceeding this
diameter [20]. Over time, this criterion has heavily influenced the clinical decision-making
protocols related to the treatment of PAVMs, reinforcing its role as a pivotal reference
point in vascular interventional strategies. Nonetheless, these size-based recommendations
were reconsidered and ultimately withdrawn in 2006, as emerging evidence suggested
that embolisation of smaller PAVMs could also confer clinical benefits [20]. Treating
PAVMs with feeding arteries smaller than 3 mm offers the advantage of reducing the risk
of complications, such as cerebral abscess from bacterial embolisation and stroke from
paradoxical bland embolisation, as highlighted by Pollak et al. (2006), in addition to the
consideration that smaller PAVMs might progress to further enlargement [21].

3.2. Overview of Traditional Materials

Embolisation is a minimally invasive therapeutic procedure to stop the arterial blood
supply to the PAVM. The choice of embolic agent has long been a critical consideration due
to safety concerns and complications associated with traditional materials, alongside the
continuous development of new agents.

Coil embolisation has been regarded as the earliest and mainstay treatment for PAVM
introduced in the 1990s [22,23]. A plethora of coil ingredients have been introduced, such
as stainless steel, platinum, or Inconel (a nickel-based superalloy), which may be either bare
or covered with fibers to enhance their ability to promote clot formation (thrombogenicity),
with thrombogenesis representing their primary mechanism to achieve occlusion [23].
Fibered coils, in particular, have shown superior efficacy in promoting thrombus formation
and have been associated with a trend towards lower recanalisation rates compared to
bare coils [24]. However, due to variability in follow-up durations and sample sizes across
studies, the differences in recanalisation rates have not reached statistical significance [24].

Recanalisation remains a concern with coil embolisation, with contributing factors
including proximal coil placement, coil oversizing, and an insufficient number of coils
used [25,26]. These limitations have highlighted the importance of careful device selection
and technique in determining procedural success. In response to these challenges, the
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Amplatzer Vascular Plug (AVP) (St. Jude Medical, Minneapolis, MN, USA) was devel-
oped as an alternative embolic device, offering improved control, stability, and occlusion
efficiency [27].

Designed to improve efficiency, a single AVP can often replace multiple coils, re-
ducing procedure time, radiation exposure, and overall costs. The AVPs are a series of
self-expanding vascular occlusion devices made from nitinol mesh [27]. They are another
non-absorbable embolising agent as alternative to coils and were derived from the septal
occlusion plugs initially designed for congenital heart defects by Dr Kurt Anton Am-
platz [27,28]. AVP comes in 4 categories, known as AVP I–AVP IV, of which differ in size,
shape, delivery strategies, and thrombogenicity [28].

Each AVP model consists of two main parts: the vascular plug itself and a delivery
wire [28]. The plugs are constructed from braided nitinol, a material known for its self-
expanding properties [27]. Radiopaque platinum marker bands are incorporated at both
ends of the plug to enhance visibility under fluoroscopic guidance, facilitating accurate
placement during the procedure [27]. These markers also improve the ease and clarity
of device visualization during follow-up imaging, such as CT angiography. One of these
bands includes a stainless-steel screw that connects the plug to the delivery cable. AVPs are
typically upsized to be 30% to 50% larger than the diameter of the target vessel at the site
of occlusion [27].

3.3. Embolisation Procedure Technique

During percutaneous intervention, vascular access is typically obtained via the right
femoral vein under ultrasound guidance using a microintroducer set.

A vascular sheath facilitates wire advancement into the inferior vena cava, after which
an angled pigtail catheter is positioned in the main pulmonary artery before selecting
the appropriate pulmonary branch [29]. Contrast is injected via the pigtail catheter to
map PAVMs, identify feeding arteries, and assess pulmonary vasculature, with pressure
measurements performed as needed [29].

Catheter selection depends on the embolisation device: coil embolisation uses a selec-
tive catheter over a hydrophilic guidewire, while AVP deployment uses a guiding catheter
over a stiff wire, with angiography confirming PAVM location and vessel anatomy [21,30].
Coil embolisation requires a coaxial microcatheter system for distal delivery, whereas AVPs
are preloaded on a delivery cable and inserted directly through the guiding catheter [31,32].

AVPs are deployed under fluoroscopy and can be repositioned before final release,
while coil deployment varies by type: pushable coils are inexpensive but non-repositionable,
and injectable coils allow dense packing but carry a higher risk of non-target embolisa-
tion [29,33,34].

Pushable coils are deployed using the anchor or scaffold technique [34]. In the anchor
method, the initial coil is secured in a side branch before proximal packing, while the
scaffold technique uses oversized high radial force coils to form a framework, with softer
coils layered inside; balloon occlusion may assist in large or high-flow vessels [35].

To conclude the procedure, a post-embolisation arteriogram is performed to confirm
successful vessel occlusion, ensuring that the draining sac is no longer visible. Once ade-
quate embolisation is confirmed, the catheter and sheath are withdrawn over a guidewire,
and hemostasis is achieved through manual compression.

3.4. Short-Term and Long-Term Success Rate

Following successful embolisation and catheter removal, clinical outcomes further
highlight the advantages of different embolic agents. In a review conducted by Wang et al.,
a total of 20 published studies described 340 feeding vessels treated with AVPs, reporting a
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recanalisation rate of approximately 1% [27]. This is notably lower than the recanalisation
rates associated with coil embolisation, which range from 8% to 15% depending on the
follow-up time period [27]. In addition to lower recanalisation rates, numerous studies
have also demonstrated reduced PAVM persistence and reperfusion with AVPs compared
to coil embolisation, further supporting the superiority of AVP embolisation [27].

Further supporting these findings, a study by Bortsford et al. evaluated 312 PAVM
embolisations in 109 patients using non-fibered coils (NFCs), fibered coils (FCs), and
AVPs [36]. All procedures were technically successful with no major complications. At
10-year follow-up, PAVM persistence-free survival was significantly higher in the AVP
group (81.0%) compared to the 0.018-inch coil group (47.3%) (p < 0.0001), with no significant
difference between NFCs and FCs [36]. Additionally, the AVP group had a much lower re-
embolisation rate per PAVM (0.08) compared to coils (0.43) (p < 0.001), further emphasising
the long-term effectiveness and durability of AVPs in PAVM treatment [36].

4. Innovations in Embolisation Materials
4.1. Newer Coil Design

Recent advancements in embolisation materials for pulmonary arteriovenous mal-
formations (PAVMs) aim to improve occlusion durability, reduce recanalisation, and en-
hance procedural safety. Hydrogel-coated coils, with a platinum core and polymer that
expands fourfold after around 20 min, enable dense, durable vessel occlusion and are MRI-
compatible, facilitating follow-up and planning [37]. A prospective study by Iguchi et al.
found them safe and effective [38]. They found that no recanalisation or reperfusion was
observed during follow-up (100% occlusion durability), and only one serious adverse event
(coil migration, grade 4) occurred, which was managed without sequelae, demonstrating
high procedural safety.

Advances in delivery systems, particularly detachable coils, have improved proce-
dural precision and safety. Available in larger diameters (up to 22 mm), they suit a wider
range of anatomies [39]. Though more costly and potentially harder to deliver due to micro-
catheter friction, their controllability may improve outcomes [34]. Shimohira et al. reported
higher persistent occlusion rates with high-volume, non-fibred detachable coils versus
conventional pushable coils, supporting their long-term efficacy in PAVM embolisation [40].

Figures 1 and 2 show PAVMs embolised using detachable coils and/or AVP in simple
and complex PAVMs, respectively.

Figure 1. (a,b) show pre and post embolisation of the PAVM with multiple coils at the right lower
lobe, (c,d) show pre and post embolisation ofthe complex PAVM with 2 AVPs at the left lower lobe.
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Figure 2. (a,b) show pre and post embolisation ofthe complex PAVM with an AVP and 2 coils at
the right lower lobe. (c,d) show pre and post embolisation of the complex PAVM with 3 coils at the
left side.

4.2. Microvascular Plugs

Despite the advantages offered by coils—particularly hydrogel-coated and detachable
variants—they may be suboptimal in cases involving high-flow shunts or larger-calibre
vessels, where plug-based devices offer more effective occlusion. While the aforemen-
tioned AVP remains a widely used option in such scenarios, the Microvascular Plug
(MVP) has emerged as a more versatile and navigable alternative for smaller or more
tortuous anatomies.

Micro Vascular Plugs (MVPs) were introduced to clinical practice in 2013 [41]. MVP is
a device specifically engineered for occluding small to medium-sized blood vessels [42]. It
features an ovoid, self-expanding nitinol framework covered with polytetrafluoroethylene
(PTFE) and is mounted on a push wire via a detachable screw mechanism. The device is
available in four different sizes [43].

The fact that the MVP is coated with PTFE allows it to achieve immediate vessel occlu-
sion even in patients undergoing procedural anticoagulation [44]. This coating, combined
with the device’s design, also enables repositioning within the target vessel up to three
times before final deployment, providing greater precision during placement [43]. The
MVP offers several advantages in the treatment of PAVMs, including its compatibility with
microcatheter delivery and the ability to be resheathed if necessary [43]. Furthermore, com-
pared to coils, the MVP produces fewer metal artifacts on follow-up computed tomography
(CT) scans, facilitating better post-procedural imaging assessment [44]. Importantly, the
PTFE membrane may act as a barrier to prevent delayed recanalisation, a known issue after
embolization with devices such as the AVPs and coils, potentially leading to improved
long-term occlusion outcomes [44].

Multiple studies and early clinical experience have affirmed the effectiveness and
safety of using the MVPs in the embolisation of PAVMs [44–47]. One of the most significant
safety advantages is the MVP’s capacity for controlled deployment; its resheathable and
repositionable nature significantly reduces the risk of non-target embolisation, which is a
key concern when navigating complex pulmonary vasculature. Additionally, the MVP’s
single-device deployment contrasts with coil embolisation, which often requires multiple
devices, thereby reducing procedural time and radiation exposure [48]. Complication
rates reported in MVP-based embolisations remain low, with minimal instances of device
migration or post-procedural pulmonary infarction [48]. Moreover, long-term data on
recanalisation rates are still evolving, although preliminary results are promising [44].
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Overall, the MVP offers a robust option for PAVM management. However, much of
the current evidence supporting these new devices is based on small single-centre or
observational studies, limiting generalisability. Robust randomised or direct comparative
studies are still lacking, so definitive superiority over existing coil embolisations cannot
yet be confirmed. Larger multi-centre trials with longer follow-up are required to validate
these promising results.

Figure 3a,b show embolisation of PAVM with MVP with occlusion of the feeding artery
and further filling of the venous sac.

Figure 3. (a,b) show pre and post embolisation ofthe PAVM with an MVP at the left lingular lobe,
(c,d) show pre and post embolisation of the complex PAVM with 1 AVP and a coil at the right
lower lobe.

5. Imaging Advances Supporting Embolisation
5.1. High-Resolution CTA and 3D Reconstruction

Currently, high-resolution computed tomography angiography (CTA) has emerged
as a highly effective, non-invasive alternative to traditional pulmonary angiography in
the diagnosis of PAVMs [49]. It provides detailed visualisation of key anatomical compo-
nents, including feeding arteries, draining veins, and the aneurysmal sac or nidus [49].
When combined with three-dimensional (3D) reconstruction, CTA significantly enhances
pre-procedural planning by enabling virtual simulations of different interventional ap-
proaches [50]. This capability is particularly valuable in cases with complex or atypical
congenital vascular anatomy, as it aids in selecting the most suitable strategy for coil
embolisation. By optimising device selection and access routes, 3D reconstruction re-
duces procedural time and radiation dose while improving technical success rates, directly
contributing to better patient outcomes.

5.2. Cone Beam CT for Intra-Procedural Guidance

Although high-resolution CTA with 3D reconstruction aids comprehensive preop-
erative mapping, real-time intraoperative visualisation remains significant. Cone beam
CT (CBCT) has emerged as an invaluable tool in PAVM embolisation [51]. In fact, CBCT
has been increasingly utilised across a wide range of endovascular procedures, extending
beyond PAVM embolisation to include applications in renal artery and prostatic artery em-
bolisation, not to mention the management of neurovascular conditions [52,53]. Real-time
imaging with CBCT provides continuous visual guidance throughout the procedure—from
accessing target vessels to catheter navigation and stent deployment—enabling faster
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decision-making and improved workflow efficiency [51]. This real-time guidance reduces
the risk of non-target embolisation and procedural complications, increasing procedural
safety and reducing the likelihood of reintervention.

5.3. Role of 4D Flow MRI in Assessing Haemodynamics Pre- and Post-Embolisation

Although CBCT excels at guiding interventions, complementary imaging modalities
like 4D flow MRI are essential to assess the functional haemodynamic consequences of
PAVM embolisation. Four-dimensional flow MRI is an advanced imaging technique that
provides thorough time-resolved flow measurements across the entire field of view, inde-
pendent of operator skill [54]. Unlike conventional MRI, it enables post hoc analysis of flow
at any location and offers 3D visualization of important haemodynamic parameters such as
wall shear stress (WSS, the tangential force of blood on vessel walls), oscillatory shear index
(OSI, the degree of directional change in WSS), and energy loss (EL, the energy dissipated
due to friction and turbulence) [54]. Specifically, in PAVM management, it allows dynamic
assessment of blood flow patterns and shunt quantification before and after embolisation,
facilitating evaluation of both disease severity and treatment success [54].

5.4. AI-Assisted Image Analysis and Segmentation

Artificial intelligence (AI), especially deep learning, can be employed to automate
image analysis in PAVM embolisation. For example, convolutional neural networks have
been effective in vascular segmentation and anomaly detection [55]. On top of that, a
retrospective batch analysis conducted by Languis-Wiffen et al. has shown that AI al-
gorithm has achieved a higher diagnostic accuracy for the detection of PE on CTPA in
comparison with the attending radiologist [56]. This could be extrapolated to the case of
PAVM embolisation where AI can effectively detect multiple PAVMs—especially the diffuse
types that are challenging to pick up manually. Additionally, AI can accurately segment
pulmonary vessels from CTA or MRI scans, swiftly and consistently distinguishing feeding
arteries, draining veins, and the nidus, outperforming conventional manual methods [57].
By improving detection accuracy and reducing missed lesions, AI-assisted imaging may
reduce clinical delays and prevent complications such as stroke or brain abscess, ultimately
improving survival and quality of life.

6. Technique Modifications and Adjuncts
These imaging innovations not only enhance procedural planning but also lay the

foundation for more refined and technically advanced embolisation strategies. As image-
guided interventions continue to evolve, so too have the techniques and adjuncts used
during PAVM embolisation.

6.1. Embolisation of Feeding Artery vs. Nidus Targeting

Targeting the feeding arteries has traditionally been the standard approach in PAVM
embolotherapy, aiming to occlude the arterial inflow, thereby inducing thrombosis and
collapse of the malformation [58]. While generally effective, this technique can present
limitations, particularly in complex or diffuse PAVMs where multiple feeding arteries
are involved [58]. In such cases, the procedure may become more time-consuming and
technically challenging, increasing the risk of incomplete occlusion and recurrence [58].

To address these limitations, alternative strategies such as nidus targeting have been
explored. A retrospective study by Hayashi et al., involving 21 patients, demonstrated
a higher rate of reperfusion in lesions treated by feeding artery embolisation alone com-
pared to those managed with nidus-targeted techniques [59]. This suggests that nidus-
directed embolisation—particularly when combined with conventional techniques—may
offer greater durability and reduce the likelihood of recurrence [60].
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6.2. Dual Catheters Technique

Building on the need for more comprehensive and effective embolisation strategies,
especially in complex or high-flow PAVMs, the dual catheter technique has emerged.
Commonly used in neurovascular interventions, it has been adapted for PAVM embolisation
to enhance control and safety [61]. This method involves the use of two microcatheters
through a single access site, allowing for simultaneous delivery of embolic agents such
as coils or liquid materials [62,63]. One catheter typically deploys an initial framing coil
to anchor the position and prevent migration, while the second is used to densely pack
additional coils or maintain distal access [62]. The initial coil remains undetached until a
stable coil mass is achieved, minimising the risk of device displacement and ensuring a more
durable occlusion [62]. This technique is particularly advantageous in high-flow lesions or
wide-necked fistulas, where single-catheter approaches may not provide sufficient stability
or packing density [64]. While a dual-microcatheter technique has been described for
PAVM embolisation to position and stabilise coils, currently there are no large-scale data
on its effect on recurrence or complications. Evidence from neurovascular procedures
suggests technical success and safety, but these results may not fully apply to pulmonary
vasculature, highlighting the need for dedicated PAVM studies. Despite its potential
advantages, the dual-catheter approach may require additional training, longer procedural
times, and careful cost consideration, particularly when implemented outside high-volume
specialised centres.

6.3. Balloon-Occlusion Embolisation

Balloon-occlusion embolisation is an adjunctive strategy to enhance precision and
safety in high-flow or complex PAVMs [20]. It involves temporary balloon inflation within
the feeding artery to control blood flow, reducing the risk of paradoxical embolisation
and coil migration [20]. In large or high-flow PAVMs, balloon occlusion improves proce-
dural success by allowing controlled placement and dense packing of embolic materials,
particularly detachable coils [65]. The initial coil can be held in place while additional
coils are packed proximally, and gradual balloon deflation confirms positioning before
final release, resulting in effective, durable occlusion [65,66]. Mori et al. demonstrated
that this approach is safe and reliable for PAVM embolisation [67]. Chu et al. has also
reported microballoon-occluded transcatheter embolisation in 38 PAVM patients, with
no continued perfusion on follow-up CT and no non-target embolisation complications,
further supporting the efficacy and safety of balloon-assisted techniques [68].

6.4. Navigation Tools (Robotic or Augmented Reality Platforms)

Beyond technical embolisation advances, recent developments focus on improving
operator precision and spatial orientation through navigation tools like robotic-assisted
systems and augmented reality (AR) platforms.

The CorPath GRX system, used in neurovascular and peripheral interventions, enables
remote control of microcatheters and guidewires with fine micromovements, enhancing
navigation through tortuous vessels and reducing operator fatigue [69]. Next-generation
technologies include untethered active micro- and nanoscale robots that operate wire-
lessly [69]. Examples such as flow-driven magnetic swarms and magnetic coils can reach
small, deep vessels beyond traditional catheter access, offering high manoeuvrability and
precise embolic delivery, with potential to transform embolisation techniques [69].

7. Clinical Outcomes and Complications
With advances improving embolisation precision, assessing clinical outcomes and

complications remains crucial. Success is evaluated both technically and clinically: immedi-
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ate technical success is the complete absence of flow through the PAVM on angiography
without additional embolic material, while follow-up success is determined by imaging—
≥70% reduction in aneurysm or draining vein size on CT or persistent absence of flow on
pulmonary angiography [70]. Clinically, improvements in oxygen saturation, symptoms,
and exercise tolerance further confirm effectiveness [70].

Standard follow-up includes contrast-enhanced CT and transthoracic echocardiog-
raphy at 3–6 months, with long-term surveillance tailored to conditions such as heredi-
tary haemorrhagic telangiectasia (HHT) [1]. If residual flow is detected at 1-year follow-
up, repeat CT pulmonary angiography, and additional embolisation may be needed [1].
Common complications include pleuritic chest pain (15–31%), especially with feeding
arteries > 8 mm, usually self-limiting and managed with NSAIDs [71]. Other potential
issues include coil migration, non-target embolisation, and rarely pulmonary hypertension,
paradoxical embolism, haemoptysis, or lung infarction/infection [72,73].

8. Special Populations and Considerations
As embolisation advancement continues to progress, it is increasingly vital to tailor

management strategies for specific populations and clinical contexts, such as pregnant
patients and those with HHT.

8.1. Pregnancy

Pregnancy poses specific challenges in managing PAVMs due to physiological changes
that can worsen right-to-left shunting and heighten the risk of serious complications such
as PAVM rupture, haemothorax, and hypovolemic shock [74]. Therefore, the timing of
embolisation is crucial for pregnant patients. Whenever feasible, elective embolisation is
advised before pregnancy to minimize these risks [75]. Updated guidelines recommend
treating symptomatic PAVMs during pregnancy, as the benefits of embolisation generally
outweigh procedural risks. If a PAVM is detected during pregnancy, treatment must
balance procedural and radiation risks against the dangers of leaving it untreated, with
embolisation generally safest in the second and third trimesters [76].

8.2. Management in HHT

Patients with HHT require careful monitoring, as PAVMs are often asymptomatic
until complications arise [77]. Symptomatic lesions, particularly those causing hypoxemia,
should be treated to improve clinical outcomes, while small or asymptomatic lesions in
children may be safely observed with close follow-up [77]. Lifelong surveillance is essential,
typically with CT imaging 3 to 12 months after embolisation and then every 5 years to detect
new, growing, or reperfused PAVMs [77]. Patient education, genetic counselling, including
family screening, and early intervention are critical to optimise long-term outcomes [77].

9. Future Directions and Research Gaps
As the field of PAVM embolisation continues to evolve, attention is shifting towards

innovative technologies and evidence-based refinements that can optimise outcomes and
reduce recurrence. Advancements in modelling, materials, and data collection are paving
the way for more personalised, predictive, and durable treatment strategies.

9.1. Role of Computational Fluid Dynamics and Personalised Modelling

Computational fluid dynamics (CFD) and personalised modelling are emerging tools
to improve PAVM embolisation. CFD uses numerical algorithms to simulate fluid behaviour
and is well established in cardiovascular and cerebrovascular research, but its application
to PAVMs is still limited [78,79].
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Personalised CFD models combine patient-specific CT anatomy with haemodynamic
data from 4D flow MRI to simulate blood flow [80]. For coils, CFD can model how in-
creased packing density raises nidus resistance, reducing flow velocity and pressure—a
factor linked to lower recanalisation in cerebral aneurysms and potentially beneficial
in PAVMs [81]. CFD visualisation of haemodynamic changes can aid treatment plan-
ning and may reduce complications or recurrences [81,82]. Despite promise, its use in
PAVMs is exploratory, limited by imaging resolution, challenges in reconstructing nidus
geometry, and lack of standardized quantitative tools, highlighting key areas for future
research [81,82].

9.2. Predictive Modelling for Recanalisation Risk

Recanalisation remains a major challenge after PAVM embolisation, potentially causing
symptom recurrence, paradoxical emboli, or neurological complications. Current follow-
up often lacks risk stratification, highlighting the need for predictive models to guide
surveillance and personalise management. Studies in related vascular domains, such as
intracranial aneurysms and AVMs, have explored models using factors like aneurysm size,
rupture status, first coil packing density (FCP), and angiographic outcomes [83]. Models
by Ogilvy et al. and He et al. improved the prediction of aneurysm recurrence using
multivariate or machine learning approaches, which may apply to PAVMs [83–85]. In AVM
embolisation, factors like access technique, ethanol dilution, AVM type, and glue usage
were linked to complication risk, supporting integration of procedural and anatomical
variables into risk models. While predictive tools for PAVMs remain limited, adapting these
frameworks could help identify high-risk patients and guide embolisation strategies [86].
Future directions include multicentre datasets, validating machine learning algorithms,
and improved nidus characterisation through advanced imaging.

10. Drug-Eluting Embolic Materials
Building on advancements in embolisation, recent research has explored innovations

beyond mechanical occlusion, notably drug-eluting embolic materials.
These agents combine mechanical occlusion with localized drug delivery and have

been primarily studied in oncology [87]. They illustrate dual therapeutic potential: ob-
structing abnormal vasculature while modulating the local tissue environment [87,88]. In
PAVMs, drug-eluting embolics could theoretically minimise post-embolisation inflamma-
tion, promote vessel fibrosis, or deliver antiangiogenic agents to reduce recanalisation risk.
However, this drug-eluting embolic materials concept for treating PAVM remains largely
unexplored, with no clinical trials or case series assessing their safety, efficacy, or long-term
outcomes in PAVM treatment. Challenges such as device availability, regulatory approval,
and cost must be addressed before clinical adoption can be considered.

Long-Term Registry and Future Research

In summary, current evidence continues to support the efficacy and safety of PAVM
embolization. According to the meta-analysis by Shahin et al. (2025), simple PAVM
morphology, younger age, and use of plugs were independently associated with higher
long-term treatment success, while coil use and combined feeding-artery/sac embolisation
predicted lower durability [89]. They also found no statistically significant difference in
recanalisation rates between different embolisation materials, underscoring that long-term
registries are crucial to detect rare adverse events or device-specific complications [89].
Building on these emerging technologies and treatment concepts, long-term registries and
real-world outcome data are essential to validate safety, efficacy, and durability in PAVM
embolisation [89–91]. These registries capture large-scale patient outcomes, identifying
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patterns in recurrence and complications over time. Alongside ongoing and future clinical
trials of novel embolic agents and predictive models, this data will drive evidence-based,
personalised management strategies for PAVM patients.
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