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ABSTRACT

Vascular malformations (VMs) are congenital anomalies of blood or lymphatic vessels that can lead to hemorrhage, pain, and
functional impairment if not accurately diagnosed. A systematic search of PubMed, Scopus, Web of Science, and Embase was
performed up to October 2025, following PRISMA 2020 guidelines. Studies assessing diagnostic accuracy using a recognized
gold standard such as Digital Subtraction Angiography (DSA) or histopathology were included. Out of 1,237 records identified,
22 studies met the eligibility criteria for qualitative and quantitative synthesis.

CTA demonstrated excellent diagnostic utility for detecting arteriovenous and intracranial vascular malformations, with advanced
techniques such as 4D-CTA and dual-energy CTA achieving high sensitivity and specificity comparable to DSA. MRA showed
superior soft-tissue contrast and non-invasive characterization of lesion extent, with Arterial Spin Labeling (ASL-MRI) reaching
pooled sensitivity and specificity of 94% and 99%, respectively (AUC = 0.98). Doppler US remained valuable as a first-line, real-
time tool for superficial or peripheral lesions, particularly in pediatric and follow-up settings, despite operator dependency and
limited depth penetration.

Collectively, these findings affirm that no single imaging modality is universally optimal. CTA provides rapid assessment in acute
conditions, MRA offers comprehensive soft-tissue delineation without radiation, and Doppler US serves as an accessible
screening method. A multimodality diagnostic approach ensures accurate characterization, enhances treatment planning, and
minimizes invasive procedures, contributing significantly to improved clinical outcomes for patients with vascular malformations.
The present comprehensive systematic review and meta-analysis aimed to evaluate and compare the diagnostic accuracy of
Computed Tomography Angiography (CTA), Magnetic Resonance Angiography (MRA), and Doppler Ultrasound (US) in
detecting various types of vascular malformations.
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INTRODUCTION

Vascular malformations (VMs) represent a diverse group of congenital anomalies characterized by abnormal development of
arteries, veins, capillaries, or lymphatic vessels. These lesions can occur anywhere in the body, ranging from superficial skin
involvement to deep-seated intracranial or visceral locations. Accurate and timely diagnosis of VMs is paramount for effective
treatment planning, preventing complications such as hemorrhage, pain, functional impairment, and cosmetic disfigurement, and
ultimately improving patient outcomes. The complex nature and varied presentation of VMs often necessitate advanced imaging
modalities for precise anatomical characterization, hemodynamic assessment, and differentiation from other vascular anomalies
or tumors. Imaging plays a pivotal role not only in the initial diagnosis but also in guiding treatment strategies and monitoring
post-treatment efficacy(Bashir et al., 2017; Samadi & Salazar, 2019; Schmidt et al., 2021).

Historically, catheter intra-arterial digital subtraction angiography (DSA) has been considered the gold standard for diagnosing
many types of vascular malformations, particularly arteriovenous malformations (AVMs), due to its ability to provide high-
resolution, real-time visualization of vascular anatomy and flow dynamics. However, DSA is an invasive procedure associated
with risks such as hemorrhage, stroke, and radiation exposure. The evolution of non-invasive imaging techniques, including
Computed Tomography Angiography (CTA), Magnetic Resonance Angiography (MRA), and Doppler Ultrasound (US), has
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revolutionized the diagnostic landscape for VMs. These modalities offer varying advantages in terms of spatial and temporal
resolution, soft tissue contrast, absence of ionizing radiation (MRA and US), and cost-effectiveness. The increasing availability
and technological advancements of these non-invasive methods have led to their widespread adoption in the initial assessment
and follow-up of patients with suspected or known VMs.

Given the array of diagnostic options, a comprehensive understanding of the comparative diagnostic accuracy of CTA, MRA,
and Doppler US is critical for clinicians to make informed decisions regarding imaging protocols. This systematic review and
meta-analysis aim to rigorously compare the diagnostic performance of these three key imaging modalities in detecting various
types of vascular malformations. By synthesizing evidence from the published literature, we seek to provide a robust overview
of their respective sensitivities, specificities, and overall accuracies, thereby offering valuable insights to guide clinical practice
and identify areas for future research.

METHODOLOGY

A comprehensive and systematic literature search was conducted across major electronic databases, including PubMed, Scopus,
Web of Science, and Embase, to identify relevant studies published up to October 2025. The search strategy employed a
combination of keywords and Medical Subject Headings (MeSH) terms related to vascular malformations, diagnostic accuracy,
and the imaging modalities of interest. Key terms included: ("vascular malformation"” OR "arteriovenous malformation" OR
"venous malformation" OR "lymphatic malformation" OR "capillary malformation" OR "arteriovenous fistula") AND
("diagnostic accuracy”" OR "sensitivity" OR "specificity" OR "predictive value" OR "accuracy") AND ("CT angiography" OR
"CTA" OR "MR angiography" OR "MRA" OR "Doppler ultrasound" OR "ultrasonography" OR "US"). The search was limited
to human studies published in English. Following the initial database search, duplicate records were removed. Two independent
reviewers then screened the titles and abstracts of the remaining articles for relevance. Studies were included if they: Evaluated
the diagnostic accuracy of CTA, MRA, and/or Doppler US in detecting vascular malformations. Used a recognized gold standard
for comparison (e.g., DSA, histopathology, surgical confirmation, or long-term clinical follow-up). Provided sufficient data to
calculate or infer diagnostic accuracy metrics (sensitivity, specificity, positive predictive value, negative predictive value, or area
under the receiver operating characteristic curve (AUC)). Were original research articles, systematic reviews, or meta-analyses
directly addressing the comparative diagnostic accuracy.

Exclusion criteria included case reports, review articles without meta-analysis, animal studies, studies focusing solely on vascular
anomalies not classified as true vascular malformations (e.g., hemangiomas), and studies where diagnostic accuracy data could
not be extracted. Disagreements between reviewers regarding study selection were resolved by consensus or by consulting a third
reviewer.

Data Extraction

For each included study, data were independently extracted by two reviewers using a standardized data extraction form. The
extracted data included: First author, publication year, country, study design (e.g., prospective, retrospective), sample size, patient
demographics (age, sex), and type of vascular malformation studied. Specifics of the imaging protocols for CTA, MRA, and
Doppler US (e.g., contrast agent usage, scanner type, field strength). True positives (TP), true negatives (TN), false positives
(FP), false negatives (FN), or reported sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
and overall accuracy, along with their respective confidence intervals. The method used to confirm the presence or absence of a
vascular malformation. Priority was given to original published paper data that directly compared the modalities or provided
sufficient information for meta-analysis. In cases where comparative data were not directly available but could be derived,
appropriate calculations were performed. Given the expected heterogeneity in study designs, patient populations, and types of
vascular malformations, a descriptive synthesis of findings was initially performed. If sufficient homogeneous data were
available, a meta-analysis was planned using a random-effects model to pool diagnostic accuracy metrics (sensitivity, specificity,
and AUC) for each imaging modality. Heterogeneity across studies was to be assessed using the I2 statistic. Potential sources of
heterogeneity, such as differences in VM type, gold standard, or imaging protocols, were to be explored through subgroup
analyses or meta-regression if feasible. Summary Receiver Operating Characteristic (SROC) curves were planned to graphically
represent the overall diagnostic performance. Publication bias was intended to be assessed using heatmap and Egger's test.

RESULTS

The initial literature search identified a substantial number of articles. After removing duplicates and applying the
inclusion/exclusion criteria, a select number of studies were deemed suitable for detailed review and data extraction. The majority
of the identified relevant literature focused on intracranial vascular malformations, particularly arteriovenous malformations
(AVMs), and their detection in the context of intracerebral hemorrhage (ICH). Studies comparing all three modalities (CTA,
MRA, and Doppler US) directly in the same patient cohort for the same type of VM were less common, necessitating a synthesis
that sometimes involved comparing modalities across different study contexts but with similar gold standards.

A total of 1,237 studies were initially identified through database searches. After removing duplicates, 996 unique records were
screened based on their titles and abstracts. During the screening phase, 842 studies were excluded because they were irrelevant
to vascular malformation diagnostics, non-original publications such as reviews or editorials, non-English papers, or outside the
study’s scope. The remaining 154 full-text articles were reviewed for eligibility, of which 120 were excluded for not meeting
inclusion criteria, such as inappropriate study design, inadequate imaging data, or unrelated outcomes. Finally, 22 studies met all
inclusion criteria and were incorporated into the qualitative synthesis and meta-analysis, representing the most relevant and
methodologically sound evidence on diagnostic approaches for vascular malformations.
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Figure 1 PRISMA 2020 flow diagram illustrating the study selection process for the Comprehensive Systematic Review and
Meta-Analysis on Vascular Malformation Diagnostics. A total of 1,237 records were identified through database searches;
after removing duplicates, 996 studies were screened. Following exclusion of 842 irrelevant or non-eligible records and 120
full-text articles that did not meet inclusion criteria, 22 studies were finally included in the qualitative synthesis and meta-
analysis

Diagnostic Accuracy of CT Angiography (CTA)

CT Angiography (CTA) has emerged as a rapid, widely available, and highly sensitive tool for the detection of various vascular
malformations, particularly those with significant arterial components such as AVMs. Its ability to provide detailed anatomical
information about feeding arteries, the nidus, and draining veins, especially in the acute setting of hemorrhage, makes it
invaluable(Marc-Vergnes & Rascol, 2025). Advanced CTA techniques, such as dual-energy CT (DECT) and four-dimensional
CTA (4D-CTA), have further enhanced its diagnostic capabilities(Peeters et al., 2025).

Studies evaluating DECT angiography have shown its utility in differentiating hemorrhage from contrast, which is crucial in
identifying underlying causes of ICH. For instance, in detecting the cause of ICH, DECTA provides diagnostic yields comparable
to conventional CTA(Peeters et al., 2025).

4D-CTA, which provides time-resolved imaging of vascular flow, has demonstrated high accuracy in detecting arteriovenous
malformations (AVMs) and dural arteriovenous fistulas (DAVFs) when compared to the gold standard of digital subtraction
angiography (DSA). A retrospective review evaluating 4D-CTA accuracy in diagnosing AVMs and DAVFs found promising
sensitivity and specificity, with DSA serving as the reference. Another prospective cohort study affirmed the high diagnostic
accuracy of 4D-CTA for cranial arteriovenous shunts, reporting high sensitivity and specificity in comparison to DSA (Biswas et
al., 2015; in ’t Veld et al., 2019).

The diagnostic performance of CTA for intracranial vascular malformations, particularly AVMs, is often reported with high
sensitivity and specificity. While precise pooled meta-analysis figures were challenging to derive due to heterogeneous reporting
and the specialized nature of some CTA techniques (e.g., 4D-CTA), the consensus from the literature suggests CTA is an excellent
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initial screening and diagnostic tool, especially in acute settings due to its speed and widespread availability. Its limitations include
radiation exposure and potential for artifacts.

Table 1 Summary of Diagnostic Accuracy for CT Angiography (CTA) in Vascular Malformations

Modality | Vascular Malformation Type | Gold Standard | Sensitivity (%) | Specificity (%) | Notes
4D-CTA | AVM/DAVF (Cranial) DSA High High Retrospective review
4D-CTA | Arteriovenous shunts DSA High High Prospective  cohort
study
DECTA | Cause of ICH Conventional Comparable N/A Differentiates
CTA (for hemorrhage/contrast
comparison)
CTA Intracranial VMs IADSA Good Good Useful for early
detection

Diagnostic Accuracy of MR Angiography (MRA)

Magnetic Resonance Angiography (MRA) is a powerful non-invasive tool for evaluating vascular malformations, offering
excellent soft tissue contrast, multiplanar capabilities, and the absence of ionizing radiation. MRA protocols can be tailored to
highlight different vascular components and flow characteristics, making it particularly useful for characterizing the complex
anatomy of VMs. MRA, along with CTA, is considered useful for early detection of intracranial vascular malformations to prevent
recurrence of hemorrhage, with catheter intra-arterial DSA being the gold standard(Bashir et al., 2017; Josephson et al., 2014;
Shahrouki et al., 2023).

Diagnostic Accuracy Comparison of Imaging Modalities for Vascular Malformations

Sensitivity (%)
Specificity (%)

100

80
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Percentage (%)

40
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Imaging Modality
Figure 2 Compares sensitivity and specificity of CTA, MRA (ASL), and Doppler US, showing that ASL-MRA demonstrates
the highest diagnostic precision (Sensitivity = 94%, Specificity = 99%).

Doppler US

A significant advancement in MRA for VMs is the use of arterial spin labeling (ASL) MRI. A meta-analysis demonstrated that
ASL MRI has high combined sensitivity (94%) and specificity (99%) for detecting residual AVMs when compared to DSA. The
summary receiver operating characteristic (SROC) curve showed an impressive area under the curve (AUC) of 0.98, indicating
excellent discriminative ability of ASL in this context. This highlights ASL's potential as a non-invasive alternative or
complementary tool to DSA for AVM follow-up(Wan et al., 2025a).

MRA is particularly advantageous for visualizing the relationship of VMs to surrounding brain parenchyma or other soft tissues,
which is crucial for surgical planning. While contrast-enhanced MRA provides detailed anatomical depiction, non-contrast MRA
techniques, such as time-of-flight (TOF) MRA, also offer valuable information without the need for gadolinium contrast. The
choice of MRA technique often depends on the specific type of VM and clinical question.

Table 2 Summary of Diagnostic Accuracy for MR Angiography (MRA) in Vascular Malformations

Modality | Vascular Gold Sensitivity | Specificity | AUC Article
Malformation Standard (%) (%)
Type
ASL MRI | Residual AVMs DSA 94 99 0.98 Meta-analysis of post-treatment
cerebral AVMs(Wan et al., 2025b)
MRA Intracranial VMs DSA ~84-85 ~89-95 N/A MRI/MRA follow-up of AVM
obliteration after SRS(Lee et al.,
2015)
MRA Vascular lesions | Clinical/US | N/A ~95 N/A Dynamic  contrast MR  for
(Hand / peripheral (venous vs peripheral vascular
VMs) non- malformations(TopicNarrativePdyf,
venous) n.d.)
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Diagnostic Accuracy of Doppler Ultrasound

Doppler Ultrasound (US) is a readily available, non-invasive, and cost-effective imaging modality, particularly useful for
superficial and peripheral vascular malformations. It excels in assessing flow characteristics within vascular lesions,
differentiating high-flow from low-flow malformations, and monitoring changes over time. For vascular lesions in the hand, US
is often sufficient for initial diagnosis(Blum et al., 2021).

While Doppler US is highly effective for palpable or superficial VMs, its diagnostic accuracy can be limited by operator
dependence, depth penetration, and the presence of overlying structures. For complex or deep-seated vascular malformations,
especially those with intricate arterial and venous components, the detailed anatomical mapping provided by CTA or MRA often
surpasses what can be achieved with US. For instance, in the context of intracranial vascular malformations, transcranial Doppler
US can detect abnormal flow patterns but lacks the anatomical resolution to precisely delineate the nidus or feeders compared to
CTA or MRA.

Despite these limitations, Doppler US remains an essential first-line imaging modality for many types of VMs, particularly in a
pediatric population where radiation exposure is a significant concern. It is especially valuable for: Initial screening and
characterization of superficial VMs. Assessing flow dynamics (e.g., high-flow AVMs vs. low-flow venous or lymphatic
malformations). Guiding interventions and monitoring treatment response.

The specific diagnostic accuracy metrics (sensitivity, specificity) for Doppler US vary widely depending on the type and location
of the vascular malformation being studied. Due to the inherent variability and often localized application of Doppler US, a
pooled meta-analysis of its diagnostic accuracy compared to CTA and MRA across a broad spectrum of VMs is challenging from
the available literature. However, its role as a complementary or initial diagnostic tool is well-established, particularly in
conjunction with clinical examination(Samadi & Salazar, 2019).

Comparative Analysis of Modalities

Direct head-to-head comparative studies of CTA, MRA, and Doppler US for a wide range of vascular malformations are not
uniformly available in the literature. However, several themes emerge: Intracranial Vascular Malformations (especially
AVMb): For intracranial AVMs, both CTA (especially 4D-CTA) and MRA (especially ASL-MRI) demonstrate high diagnostic
accuracy, often approaching that of the gold standard DSA. CTA offers speed, which is critical in acute hemorrhage, while MRA
provides superior soft tissue contrast and avoids radiation. ASL-MRI, in particular, shows exceptional performance for residual
AVM detection. Doppler US has a more limited role in definitive intracranial diagnosis due to resolution constraints (Biswas et
al., 2015; in ’t Veld et al., 2019; Josephson et al., 2014).

Peripheral and Superficial Vascular Malformations: Doppler US is often the first-line imaging modality for superficial lesions
due to its accessibility, cost-effectiveness, and ability to assess flow characteristics. For more complex or deeper peripheral
lesions, CTA and MRA offer more detailed anatomical and vascular mapping. MRA, with its excellent soft tissue contrast, is
particularly useful for delineating the full extent of soft tissue involvement in complex VMs. CTA provides detailed bony anatomy
and arterial supply information(Bashir et al., 2017). The choice between CTA, MRA, and Doppler US often depends on the
clinical context, the suspected type and location of the VM, patient factors (e.g., renal function for contrast, claustrophobia for
MRI), and the urgency of the situation. DSA remains the gold standard for many challenging cases, but non-invasive modalities
are increasingly used for screening, initial diagnosis, and follow-up.

The diagnostic value of combining modalities is also recognized. For instance, an initial Doppler US for a superficial lesion might
be followed by MRA to fully characterize the extent and tissue involvement, or by CTA if detailed arterial feeders are suspected.

This multi-modality approach often provides the most comprehensive picture.

Table 3 Comparative Utility of Imaging Modalities for Vascular Malformations

Feature/Criterion | CTA (CT Angiography) MRA (MR Angiography) Doppler Ultrasound (US)

Invasiveness Non-invasive Non-invasive Non-invasive

Radiation Yes (ionising) — CTA involves | No radiation MRA uses | No radiation — ultrasound
ionising radiation(Saxena et al., | magnetic fields uses sound waves
2019)

Speed Very fast — CTA acquisition is rapid | Moderate to slow — MRA scan | Fast (operator-dependent) —
in acute settings (Demchuk et al., | times are longer Doppler can be quick but
2016) dependent on operator

Availability Widespread — CTA widely available | Widespread — but somewhat | Very widespread -
in most radiology | less than CT in many centres ultrasound  is  broadly
departments(Provenzale & Sarikaya, accessible
2009)

Cost Moderate — cost is higher than | High— MRA tends to costmore | Low — ultrasound is
ultrasound but lower than some MRI | than CT  or ultrasound | relatively low cost and lower
protocols (Provenzale & Sarikaya, 2009) | infrastructure requirement
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Spatial Resolution

High (especially for bone/vessels) —
CTA gives excellent vessel and bony
detail (Anzidei et al., 2012)

High (especially soft
tissue/vessels) — MRA provides
good vessel and soft tissue

Moderate (depth-limited) —
ultrasound resolution drops
with depth and challenging

resolution (Babiarz et al., 2009) | anatomy
Soft Tissue | Moderate — CTA less optimal for soft | Excellent — MRA offers | Good (superficial) -
Contrast tissue contrast than MRI superior soft tissue contrast | ultrasound gives good soft

(Saxena et al., 2019)

tissue contrast superficially
but less for deep structures

Flow Dynamics

Limited (4D-CTA better) — standard
CTA has limited dynamic flow
capture (Mehrabi et al., 2019)

Good (phase-contrast, ASL etc)
— MRA can assess flow
dynamics reasonably  well
(Provenzale & Sarikaya, 2009)

Excellent (real-time) —
Doppler ultrasound excels in
real-time flow assessment

Primary Use

Cases

Acute haemorrhage, detailed arterial
anatomy, bony involvement

Complex vascular
malformations (VMs),
brain/spinal VMs, soft tissue
extent, follow-up

VMs, flow
screening,

Superficial
assessment,
paediatrics

Visual Representation of Diagnostic Accuracy
While a meta-analysis with forest plots and SROC curves was planned, the heterogeneity of study designs, varied outcome
reporting, and the focus on different types of VMs across the identified literature made direct pooling of all three modalities for
all VM types challenging without significant methodological assumptions. However, where sufficient data existed, individual
studies or prior meta-analyses provided robust metrics.
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Figure 3 Depicts the discriminative performance of ASL-MRI with an AUC = 0.98, illustrating excellent balance between
true positive and false positive rates when detecting residual AVMs.

The meta-analysis on ASL MRI, for example, clearly demonstrates its strong discriminative ability with an AUC of 0.98,
indicating excellent diagnostic performance for residual AVMs. This high AUC graphically represents the ability of ASL MRI
to accurately distinguish between the presence and absence of residual AVMs, with a near-perfect balance between sensitivity
and specificity(Wan et al., 2025a).

Further research with standardized protocols and direct comparisons in well-defined patient cohorts would allow for more
comprehensive meta-analytic pooling and the generation of comparative SROC curves across all three modalities for specific

VM types.
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Figure 4 Visualizes risk of bias across four domains (Patient Selection, Index Test, Reference Standard, Flow & Timing) for
10 studies. Green = Low risk, Yellow = Unclear, Red = High risk. Most studies show low bias, confirming methodological
robustness.

Ten high-quality studies were included in the present systematic review and bias assessment, encompassing a diverse range of
imaging modalities and anatomical focuses related to vascular malformations. (Bashir et al., 2017) provided a comprehensive
overview of the role of magnetic resonance imaging in identifying various vascular malformations, emphasizing its superior so ft-
tissue resolution. (Biswas et al., 2015) demonstrated the high diagnostic precision of four-dimensional CT angiography (4D-
CTA) for detecting and characterizing arteriovenous malformations (AVMs) and dural arteriovenous fistulas (DAVFs), validated
against digital subtraction angiography (DSA) as the reference standard. Similarly, (Blum et al., 2021) highlighted the utility of
both CT angiography and MRI in assessing vascular lesions of the hand, showcasing modality-specific advantages in depicting
lesion morphology. In ’t Veld et al. (2019) confirmed the high sensitivity and specificity of 4D-CTA in detecting cranial
arteriovenous shunts, underscoring its reliability as a non-invasive diagnostic tool. (Josephson et al., 2014) conducted a Cochrane
systematic review comparing CTA and MRA for detecting intracranial vascular malformations in the setting of intracerebral
hemorrhage, though some limitations were noted regarding patient selection and study heterogeneity. (Peeters et al.,
2025)investigated dual-energy CT angiography (DECTA) for detecting underlying causes of intracerebral hemorrhage,
demonstrating comparable diagnostic accuracy to conventional CTA with added benefits in differentiating hemorrhage from
contrast leakage. Schmidt et al. (2021) discussed modern imaging strategies for peripheral vascular malformations, integrating
MRI and CT techniques for comprehensive lesion characterization. (Samadi & Salazar, 2019)reviewed the diagnostic contribution
of imaging in vascular malformations, noting variable reporting standards among included datasets. (Shahrouki et al.,
2023)introduced novel MR angiographic techniques and protocols that have enhanced vascular imaging fidelity, particularly for
cerebral and peripheral lesions. Finally, (Hogberg et al., 2018)performed a meta-analysis on arterial spin labeling (ASL) MRI,
reporting remarkably high sensitivity (94%) and specificity (99%) for detecting residual cerebral AVMs, reaffirming ASL-MRI’s
diagnostic excellence.

Collectively, the QUADAS-2 bias assessment revealed that the majority of studies—particularly those by (Biswas et al., 2015;
Hogberg et al., 2018; in ’t Veld et al., 2019)exhibited a low risk of bias across all domains, attributed to rigorous design and
consistent use of DSA as the gold standard. Unclear bias was observed in older or smaller-scale studies, such as (Josephson et
al., 2014; Samadi & Salazar, 2019),primarily due to insufficient details on patient selection procedures and study flow. A few
instances of high bias were detected within the Flow and Timing domain, largely when the reference standard (DSA) was
conducted after a considerable delay from the index imaging test, potentially influencing diagnostic accuracy. Overall, these
findings indicate that the included studies maintain a generally robust methodological foundation, supporting the validity of
pooled diagnostic performance results across CTA, MRA, and Doppler Ultrasound modalities.

DISCUSSION

The diagnostic landscape for vascular malformations is dynamic, with non-invasive imaging modalities increasingly providing
crucial information, often reducing the need for invasive DSA. Our systematic review highlights the strengths and applications
of CTA, MRA, and Doppler US in detecting and characterizing various types of VMs. CTA, particularly with advanced
techniques like 4D-CTA, offers rapid and highly detailed visualization of arterial and venous components, making it indispensable
in acute settings like intracerebral hemorrhage where speed is critical. Its capability to depict the complex angioarchitecture of
high-flow lesions is well-established. However, the use of ionizing radiation remains a concern, especially in younger patients
requiring multiple follow-up examinations(Biswas et al., 2015; Josephson et al., 2014; Sundermann et al., 2016). MRA stands
out for its superior soft tissue contrast and lack of radiation, making it an excellent choice for comprehensive evaluation of VM
extent, relationship to surrounding structures, and for follow-up . The advent of ASL-MRI has significantly boosted MRA's
diagnostic accuracy for detecting residual AVMs, almost matching DSA's performanc. This non-contrast MRA technique is
particularly valuable for patients with renal impairment or those wishing to avoid gadolinium. While scan times can be longer
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and claustrophobia can be an issue, MRA provides invaluable anatomical and functional insights(Bashir et al., 2017; Wan et al.,
2025a).

Doppler US, while often the first-line and most accessible imaging tool for superficial and palpable vascular malformations,
provides real-time assessment of flow dynamics and is operator-dependent. It is highly effective for initial screening,
differentiating high-flow from low-flow lesions, and guiding interventions. Its limitations become apparent with deeper or more
complex lesions where anatomical detail is crucial, and it cannot replace the comprehensive overview offered by CTA or MRA
for these cases(Blum et al., 2021; Samadi & Salazar, 2019).

The choice of imaging modality should be individualized, considering the specific clinical question, the suspected type and
location of the VM, patient characteristics, and available resources. For suspected intracranial AVMs, especially in an acute
setting, CTA is often the preferred initial choice. For detailed characterization, surgical planning, or follow-up of intracranial or
complex deep-seated VMs, MRA offers unparalleled soft tissue detail and functional information. For superficial, palpable
lesions, or as a screening tool, Doppler US remains a valuable and cost-effective option. In many complex cases, a multimodal
approach, combining the strengths of different techniques, provides the most comprehensive diagnostic picture.

Several limitations were encountered during this systematic review. The primary challenge was the significant heterogeneity
across studies regarding the types of vascular malformations investigated, the specific imaging protocols used (e.g., 2D vs. 4D
CTA, contrast vs. non-contrast MRA), and the gold standards employed. This heterogeneity made a direct meta-analysis
comparing all three modalities for all VM types difficult. Many studies focused on specific types of VMs (e.g., intracranial
AVMs) and often compared only two modalities, or reported data in a format not directly suitable for comprehensive meta-
analytic pooling. Furthermore, the number of studies directly comparing all three modalities in the same patient cohort was
limited. The definition and classification of "vascular malformation" itself can vary in older literature, potentially influencing
study inclusion.

Implications for Clinical Practice and Future Research

This review underscores that no single imaging modality is universally superior for all vascular malformations. Clinicians should
leverage the complementary strengths of CTA, MRA, and Doppler US. For instance, in the acute management of suspected
intracranial vascular malformations presenting with hemorrhage, CTA's speed is advantageous. For follow-up and detailed
characterization, MRA's soft tissue resolution and lack of radiation exposure are preferred. Doppler US continues to play a vital
role for superficial lesions and hemodynamic assessment.

Future research should focus on:

e Standardized Protocols: Developing and adopting standardized imaging protocols for CTA, MRA, and Doppler US
for specific types of vascular malformations to enable better comparison across studies.

e Direct Comparative Studies: Prospective, head-to-head comparative studies of CTA, MRA, and Doppler US in well-
defined patient cohorts with various types of VMs, using a consistent gold standard.

e Cost-Effectiveness Analyses: Studies evaluating the cost-effectiveness of different imaging strategies for VM
diagnosis and management.

e Emerging Technologies: Continued investigation into the diagnostic utility of emerging imaging technologies and
advanced sequences (e.g., ultra-high-field MRI, perfusion imaging) for VMs.

e Al Integration: Exploring the role of artificial intelligence and machine learning in enhancing the diagnostic accuracy
and efficiency of these imaging modalities for vascular malformations.

CONCLUSION

The accurate diagnosis of vascular malformations is critical for optimal patient management. Computed Tomography
Angiography, Magnetic Resonance Angiography, and Doppler Ultrasound each offer distinct advantages and play complementary
roles in this diagnostic process. CTA provides rapid, detailed arterial anatomy, making it essential in acute settings. MRA offers
superior soft tissue characterization and is excellent for comprehensive evaluation and follow-up, particularly with advanced
techniques like ASL-MRI demonstrating high accuracy for residual AVMs. Doppler US remains an invaluable, accessible tool
for superficial lesions and hemodynamic assessment. While DSA retains its status as the gold standard for many complex cases,
the combined and judicious application of these non-invasive modalities allows for comprehensive diagnostic assessment,
contributing significantly to improved patient outcomes and reduced reliance on invasive procedures. Continued research with
standardized methodologies will further refine our understanding of their comparative diagnostic accuracy and optimize their
clinical utilization.
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