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Abstract
Conventional intra-arterial angiography remains the standard for brain arteriovenous malformation
surgery but carries inherent risks of arterial complications and significant radiation exposure in children.
This study evaluates the feasibility and radiation-sparing benefits of an intravenous angiography protocol
integrated with augmented reality navigation for pediatric brain malformation resection. We
retrospectively analyzed three pediatric cases where Cases 1 and 2 utilized a tailored intravenous digital
subtraction angiography protocol for augmented reality navigation, while Case 3 served as a
comparative control using conventional perioperative intra-arterial angiography. The optimized
intravenous protocol yielded a standardized effective dose of 0.83 mSv per session. In Case 1, the total
effective dose for two intravenous sessions, covering both preoperative mapping and postoperative
confirmation, was only 1.92 mSv. In contrast, the perioperative intra-arterial angiography in Case 3
resulted in a total dose of 12.70 mSv, representing an 85% reduction in radiation exposure. Furthermore,
the intravenous workflow optimized operative time by eliminating invasive arterial maneuvers, and
navigation accuracy was maintained even in the presence of severe intraoperative brain shift through
manual realignment. This protocol provides a robust and radiation-efficient alternative for pediatric
surgery, effectively implementing the principle of keeping radiation exposure as low as reasonably
achievable.

INTRODUCTION
Arteriovenous malformations (AVMs) are complex vascular anomalies characterized by direct
connections between the arteries and veins without intermediary capillary networks, thereby disrupting
blood circulation and oxygen transport.1 Brain AVMs (bAVMs) can jeopardize the cerebral steal
phenomenon, seizures, headache, aneurysm or venous stenosis formation, and intracerebral
hemorrhage,2 and are the leading cause of pediatric intracerebral hemorrhage, accounting for up to 55%
of cases.3 The annual hemorrhage risk due to pediatric bAVM ranges from 2%–10%,4 which is higher
than that in the adult population (1%–3%).5 In one study, distribution in the posterior fossa or basal
ganglion, which exhibits a greater rupture risk, was more frequently noted in pediatric AVMs than in adult
AVMs.6 The mortality rate of bAVM in children can be as high as 21%.2 Therefore, this should be
proactively addressed.

Surgical resection remains the primary treatment option for bAVMs with low Spetzler–Martin grades7.
First, surgical resection leads to an instant cure and a higher obliteration rate than pure radiosurgery or
endovascular intervention.4 Otherwise, non-surgical treatment is required, which is a long-term process
for children and their guardians. Second, radiosurgery increases radiation exposure. Third, endovascular
intervention is less feasible for children because of the limited sizes of catheters, wires, and coils.
However, surgical resection of pediatric bAVM is linked to several challenges. Surgeons should consider
the balance between complete AVM resection and preservation of neurological function, especially when
the lesion is in a crucial neurovascular region. Additionally, pediatric hemodynamic fragility and
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variability significantly increase perioperative risks, as children have less total blood volume compared to
adults. The body surface area of a child is greater than that of an adult; therefore, children are more
susceptible to fluid loss and hypothermia induced by long surgery durations8; in particular, hypothermia
can induce coagulopathy and suppress cardiorespiration. Furthermore, hypotension is a late sign of
hemorrhagic shock in children, which may reduce the ability to assess blood loss.9

Consequently, comprehensive perioperative planning is required for pediatric AVM resections. Various
imaging technologies have been introduced to deconstruct lesions and aid surgery, including intra-
arterial digital subtraction angiography (IA-DSA), multidetector computed tomography (MDCT)
angiography-based navigation, and augmented reality (AR). However, current imaging protocols
documented in literature inevitably result in substantial radiation exposure and increased procedural
risks, particularly in pediatric populations.

Given the existing challenges of pediatric neurointervention—such as fragile vasculature, limited training
resources, prolonged interventionalist standby, and high procedural costs—we extended our previously
validated adult IV-DSA method to pediatric patients. Therefore, we adapted and implemented our
established intravenous digital subtraction angiography (IV-DSA) technique, combined with AR
navigation, for pediatric bAVM surgery, aiming to enhance surgical precision, reduce invasiveness, and
minimize radiation exposure. This protocol provides an efficient and smooth surgical process with
greater precision and adjustability but lower invasiveness and radiation exposure.

METHODS
This study was conducted in a hybrid operating room using an IV-DSA and AR-guided protocol for
pediatric bAVM resection. The surgical workflow was adapted from previous protocols10, with
modifications in contrast volume, injection rate, and timing tailored to pediatric physiology.

Source imaging was acquired using an iFlow-tailored IV-DSA protocol with a biplane angiography system
(ARTIS icono, Siemens Healthineers, Germany).

A preliminary test injection was administered via a central venous catheter (CVC) at a flow rate of 3.5
mL/s, using a total contrast volume of 1 mL/kg, followed by a saline flush of double that volume. Optimal
scan delay was determined using iFlow software (syngo, Siemens), which analyzes contrast kinetics and
generates a color-coded intensity map10. To minimize cortical shift during craniotomy, patients were
positioned using a radiolucent head holder. After dural opening, a formal 3D DSA scan was performed
using 1–1.5 mL/kg of contrast at an injection rate of 2.5–3.5 mL/s. The angioarchitecture, including
feeding arteries, draining veins, AVM nidus, and cortical surface landmarks, was segmented using
SmartBrush (Brainlab, IL, USA). These labels were then coregistered with the navigation system and
fused with intraoperative microscopy using the KINEVO surgical microscope (ZEISS, Germany).

During resection, primary arterial feeders were identified and occluded with surgical clips applied as
proximally to the nidus as feasible. The AVM nidus was subsequently removed under continuous AR
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guidance, allowing real-time orientation between the anatomical structures and projected vascular
models.

RESULTS
We present two representative pediatric cases to demonstrate the applicability of IV-DSA AR-guided
bAVM surgery in both elective and urgent settings. Case 1 involved a scheduled procedure for an
unruptured lesion, while Case 2 required second-stage surgery for a previously ruptured AVM with
significant cerebral edema. Detailed perioperative information is summarized in Table 1. We also
illustrated Case 3, who received resection of a ruptured AVM under IA-DSA AR guided-guided surgery as
comparison.

Table 1
Summary of two representative cases reported herein

Body weight Case 1 Case 2

30 kg 12 kg

Presentation Unruptured, absence of seizures Intracerebral hemorrhage with brain
edema

AVM, SM grade,
location

SM = 1, left frontal lobe SM = 1, left parietal lobe

IV route Right neck CVC Left neck CVC

Protocol of the test
round

10 mL contrast (3.5 mL/s), bolus
with 50 mL saline

4 cc contrast (2.5 mL/s), bolus with
16 mL saline

Timing of the test
round

Supine, before positioning Supine, before positioning

Delayed time 9 s 8 s

3D DSA, 4 s 3D DSA, 4 s 3D DSA, 4 s

3D DSA protocol 30 mL contrast (3.5 mL/s), bolus
with 30 mL saline

10 mL contrast (2.5 mL/s), bolus
with 10 mL saline

Fixation 3-pin radiolucent head holder Horseshoe radiolucent head
supporter

Timing of 3D DSA After dura opening Before dura opening

Image quality for
navigation

Good Fair (peripheral, small-sized vessel,
and brain edema)

AVM, arteriovenous malformation; CVC, central venous catheter; DSA, digital subtraction
angiography; SM, Spetzler–Martin.

Case 1
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A school-aged child with an unruptured left frontal AVM (Spetzler–Martin grade I) underwent surgery
with intraoperative IV-DSA. Imaging identified two major feeders from the left anterior cerebral artery,
several minor feeders from the left middle cerebral artery, and a single superficial draining vein (Fig. 1).
Total blood loss was approximately 100 mL, and operative time was 6.5 hours, including IV-DSA setup.
The effective radiation dose was 1.92 mSv. The patient had no postoperative neurological deficits and
was discharged on postoperative day 6.

Case 2

A preschool-aged child with a ruptured left parietal–occipital AVM and signs of increased intracranial
pressure (GCS E3V1M5) underwent craniectomy and hematoma evacuation at an outside facility,
followed by transfer. On postoperative day 8, a second-stage resection was performed. Due to
anticipated brain shift from edema, IV-DSA was performed pre-craniotomy. Imaging revealed two major
feeders from the left middle cerebral artery and one superficial draining vein. Brain swelling induced AR
overlay deviation, requiring manual adjustment to realign with cortical structures. Resection and
cranioplasty were completed within 4 hours (Fig. 2). The effective radiation dose was 7.91 mSv. The
patient recovered full consciousness and limb strength by postoperative day 2 and was discharged on
day 8.

Case 3

A school-aged child with a ruptured right frontal-parietal AVM and left lower limb weakness (muscle
power grade 4) underwent craniotomy with intraoperative IA-DSA. Imaging revealed main feeding
arteries from right anterior cerebral artery. Brain swelling also led to AR overlay deviation, which was
overcame by manual readjustment. Operative time was 8 hours, including IA-DSA operation. The
effective radiation dose was 12.70 mSv. The patient recovered limb strength and was discharged on day
11.

Calculation of the effective IV-DSA dose

IV-DSA consisted of three steps: (i) the iFlow method was used as a test round; (ii) the required time
window was calculated; and (iii) a time-specific 3D scan was performed. The effective radiation dose
was calculated as:

Effective radiation dose (mSV) = Dose area product (DAP) (µGy·m2) × 0.055 mSv/Gy·cm²

The conversion factor was 0.055 mSv/Gy·cm2 for cerebral angiography based on previous studies11,12.

In our setting, single-plane IV-DSA (4 frames/s) yielded DAP values of approximately 600–700µGy·m². A
representative value of 650 µGy·m² was used for standardization. For 3D DSA (68 frames/s), DAP was
approximately 850 µGy·m².

The effective dose was calculated as follows:
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Test injection (using single plane): 650 µGy·m² × 0.055 mSv/Gy·cm² = 0.36 mSv

3D DSA acquisition: 850 µGy·m² × 0.055 mSv/Gy·cm² = 0.47 mSv

Total IV-DSA per session: 0.36 + 0.47 = 0.83 mSv

For cases in which only a preoperative IV-DSA was performed, the effective dose remained as low as
0.83 mSv, highlighting its radiation-sparing advantage.

Comparison of radiation exposure between imaging protocols

Table 2 summarizes the effective radiation doses associated with different imaging modalities across
clinical settings. Preoperative IV-DSA involves both a test and formal round, resulting in a total dose of
approximately 0.83 mSv. In contrast, intraoperative or postoperative evaluations typically require only a
repeat 3D scan (0.47 mSv) to assess residual nidus.

Table 2
Effective radiation doses of various imaging tools at different times

Effective radiation dose of various imaging tools at different times

Imaging tools

Timing

CTA

(lowest dose)

IA-DSA

(lowest dose)

IV-DSA

Single plane

Total iFlow 3D DSA

Preoperative 3.3 mSv 2.8 mSv 0.83 mSv 0.36 mSv 0.47 mSv

Intraoperative 3.3 mSv 2.8 mSv 0.47 mSv 0 0.47 mSv

Postoperative 3.3 mSv 2.8 mSv 0.47 mSv 0 0.47 mSv

Accumulation effective radiation dose

Imaging

tools

Number

of times

CTA

(lowest dose)

IA-DSA

(lowest dose)

Single plane

  IV-DSA/CTA IV-DSA/IA-DSA

1 3.3 mSv 2.8 mSv 0.83 mSv 25.2% 29.6%

2 6.6 mSv 5.6 mSv 1.30 mSv 19.7% 23.2%

3 9.9 mSv 8.4 mSv 1.77 mSv 17.9% 21.1%

CTA, computed tomography angiography; IA-DSA, intra-arterial digital subtraction angiography; IV-
DSA, intravenous digital subtraction angiography.
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Contrastingly, the radiation doses of computed tomography angiography (CTA) and IV-DSA are fixed
regardless of the preoperative, intraoperative, or postoperative settings. The effective dose of each type
of MDCT angiography ranged approximately from 3.3–7 mSv in the published literature and data from
our institute,12–14 whereas the value of IA-DSA was between 2.8 and 14.4 mSv.12,15 In Case 3, the
effective dose of IA-DSA was 12.70 mSv. Generally, the effective dose of IV-DSA is lower than that of
MDCT angiography or IA-DSA.

To quantify this benefit, we compared cumulative IV-DSA exposure to CTA and IA-DSA using the lowest
reported values: 3.3 mSv for CTA and 2.8 mSv for IA-DSA. After one full IV-DSA session (0.83 mSv), the
relative dose ratios were 25.2% (IV-DSA/CTA) and 29.6% (IV-DSA/IA-DSA). With repeated imaging—such
as preoperative mapping, intraoperative confirmation, and postoperative surveillance—, the cumulated
IV-DSA dose reached only 1.77 mSv, equivalent to only 17.9% and 21.1% of accumulative CTA and IA-
DSA doses, respectively. These findings emphasize the radiation-sparing advantage of IV-DSA in
pediatric AVM management. This trend is visualized in Fig. 3, which compares the cumulative effective
doses of each modality across 1–3 sessions. The graph clearly demonstrates that IV-DSA maintains a
substantial dose advantage over CTA and IA-DSA at every time point.

DISCUSSION
Protocol Innovation and Pediatric Adaptation

Few studies have proposed standardized IV-DSA protocols, particularly in children. Prior adult reports
(e.g., Spetzler–Martin grade I parietal AVM10) mentioned 15 mL (test) and 50 mL (formal) contrast
injections at 5 mL/s, with a 19-second delay. However, critical imaging parameters such as timing
methods or IV route were often unreported16.

To adapt for pediatric physiology, we referenced Thust et al.17, which recommended 2.5–4.0 mL/s and
1–2 mL/kg in children. In our cases, we used 1 mL/kg at 3.5 mL/s for unruptured AVM, and 0.8 mL/kg at
2.5 mL/s for a 4-year-old with IICP. Despite image distortion from edema and peripheral vessels, vessel
orientation remained clinically useful.

The iFlow-guided test round and enhancement curve allowed individualized scan timing, improving upon
pediatric CTA, which relies on aortic triggers often inaccurate due to cardiac variability. In Thust’s
cohort17, one-third of CTA images were suboptimal. Our results show IV-DSA with iFlow provides more
precise and pediatric-tailored imaging.

Radiation Safety and Pediatric Considerations

Radiation exposure in pediatric patients is not only linked to carcinogenesis18 but also to neurocognitive
impairment. According to the International Commission on Radiological Protection, 1 Sv of radiation
carries an estimated cancer risk of 5.5% in the general population, and a heritable risk of 0.2% per Sv 19.
Childhood studies have shown that cumulative exposures exceeding 24 Gy in children under 3 years, and
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36 Gy in those under 6 years, are associated with measurable reductions in IQ 20. These statistics
highlight the necessity of minimizing dose, particularly in children who may undergo multiple imaging
sessions.

In this study, our IV-DSA AR-guided protocol demonstrated a substantial reduction in radiation exposure
compared to conventional CTA and IA-DSA. A full IV-DSA session delivered only 0.83 mSv—
approximately 25.2% of CTA and 29.6% of IA-DSA dose equivalents. With three imaging sessions, the
cumulative IV-DSA dose remained below 2 mSv, representing 17.9% and 21.1% of CTA and IA-DSA,
respectively. These findings, supported visually by Fig. 3, reinforce the dose-sparing potential of IV-DSA
for pediatric cerebrovascular evaluation.

While current guidelines emphasize radiation limits in adults, children are disproportionately vulnerable
due to developing tissues and higher effective dose per organ mass. The cumulative effect is more
pronounced when imaging is repeated over years for follow-up or residual lesion surveillance. In this
context, even small reductions per imaging session compound into clinically meaningful benefits for
pediatric patients. Furthermore, radiation-induced vascular changes, particularly in developing cerebral
vasculature, may have long-term consequences not fully documented in current literature. These risks
underscore the necessity of reducing unnecessary exposure in pediatric neurovascular procedures.

Clinical Feasibility and Technical Adaptation of IV-DSA

DSA remains a cornerstone in AVM surgical planning. However, conventional intra-arterial DSA (IA-DSA)
—especially via the transfemoral route—is associated with procedural risks including groin hematoma,
ischemic or hemorrhagic stroke, vasospasm, and arterial dissection. The complication rate of
transfemoral DSA in pediatric groups ranges from 3.3% to 4.8%21–23, whereas the overall complication

rate in adult groups ranges from 0.5% to 2.6%24,25.

Transradial DSA, though preferred in adults for its reduced groin-related complications, is generally
contraindicated in young children. Alehaideb et al. reported that the average radial artery diameter in
children under 12 years is less than 2 mm26, below the minimum threshold for safe cannulation.
Furthermore, pediatric patients show higher rates of radial artery spasm (23%), stenosis (7.7%),
thrombotic occlusion (3.8%), and hematoma (7.7%) compared to adults, whose overall complication risk
is around 1.8%27,28.

Given these anatomical and physiological constraints, IV-DSA via CVC—routinely placed for pediatric
anesthesia—offers a safer, less invasive, and more practical alternative. The technique allows
angiographic acquisition from multiple vascular territories in a single session without repositioning the
catheter and eliminates the need for intra-arterial navigation through tortuous vasculature. This
minimizes vascular trauma and shortens procedure time. Furthermore, unlike IA-DSA which mandates a
supine position, IV-DSA permits flexible patient positioning. This is particularly beneficial in pediatric
bAVM surgeries involving posterior fossa lesions, where prone or lateral positioning is often required. In
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such cases, arterial catheter fixation can be difficult and time-consuming, further highlighting the
procedural convenience of IV-DSA.

While Table 2 establishes an optimized baseline where the minimum effective dose (ED) for IA-DSA is
2.8 mSv, our clinical cases illustrate a substantial divergence between idealized benchmarks and real-
world neurosurgical practice. In Case 3, the IA-DSA required a total dose of 12.70 mSv—more than 4.5
times its theoretical minimum—due to the inherent complexities of intraoperative arterial navigation and
repeated roadmapping.

Conversely, although the ED in Case 1 (1.92 mSv) and Case 2 (7.91 mSv) exceeded the idealized IV-DSA
benchmark of 0.83 mSv, these values remained consistently lower than the corresponding IA-DSA
requirements. This disparity underscores the superior "dose predictability" of our IV-DSA protocol. In
pediatric patients, where anatomical fragility often complicates intra-arterial access, the IV-DSA
approach ensures that even in urgent scenarios with significant brain shift (as demonstrated in Case 2),
radiation exposure remains managed and significantly lower than the cumulative risks associated with
traditional intra-arterial maneuvers.

Importantly, this technique is not experimental. It is a mature protocol previously validated in adult
populations, now demonstrated in a pediatric context.10,16 The two presented cases were selected not
as a typical case series, but rather to highlight the expanded utility and unique advantages of this
protocol in children. Our analysis of radiation dose reduction is an original contribution that extends the
utility of IV-DSA beyond workflow feasibility—quantifying its benefit through reproducible dose modeling.

The IV-DSA protocol also streamlines intraoperative workflow across surgical and radiological teams.
Because it does not require real-time catheter control by an interventional radiologist, the surgical team
can operate with greater autonomy and less operative time. In Case 2, IV-DSA-guided resection of a
ruptured AVM cost only 6.5 hours while IA-DSA-guided surgery in Case 3 took 8 hours. This is particularly
beneficial in pediatric centers with limited neurointerventional coverage. Reduced need for radiology
personnel during navigation lowers coordination barriers, allows faster transitions between imaging and
resection phases, and shortens anesthesia time—a critical advantage in pediatrics.

Role of i-Flow Timing and AR Navigation

Optimized imaging quality in our protocol was achieved through iFlow-based test rounds and delay time
estimation. Unlike conventional CTA, which relies on aortic arch triggering or bolus tracking, iFlow
enables real-time monitoring of intracranial vessel opacification, thus minimizing timing errors related to
anatomical or cardiac variability. This benefit is particularly valuable in pediatric patients, who may
exhibit non-standard hemodynamics. Our use of a 4 frames/s acquisition rate further limited
unnecessary exposure while maintaining diagnostic quality.

Augmented reality (AR) guidance enhanced intraoperative orientation by projecting color-coded 3D
vascular reconstructions directly onto the surgical field. This integration improved spatial perception and
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reduced the cognitive load of switching between monitors and the microscope.29 In unruptured AVMs,
post-dural DSA allowed for accurate overlay alignment. In ruptured cases with brain edema and cortical
shift (e.g., Case 2, 3), manual adjustments of the AR overlay ensured persistent accuracy. Compared to
preoperative MDCT angiography-based navigation, which lacks adaptability to intraoperative
deformation, our AR-enhanced approach preserved real-time anatomical relevance.

In Case 2, IV-DSA performed before dural opening allowed adequate visualization despite severe cerebral
edema. Although AR projection required manual adjustment due to cortical shift, intraoperative
anatomical feedback confirmed alignment accuracy. Notably, IV-DSA provided sufficient spatial data for
determining safe dissection planes without the need for repeat IA injections. This further illustrates the
feasibility of IV-DSA navigation even in dynamically changing operative fields, where IA-DSA would
require time-consuming repositioning and catheter manipulation.

Limitations and Future Directions

Radiation dosimetry may vary across imaging platforms due to differences in manufacturer settings,
system generations, and acquisition protocols. While our estimates were based on measured DAP
values and established conversion factors, some variability in effective dose is inevitable. Additionally,
current findings reflect early-phase clinical experience; broader validation in diverse pediatric cohorts will
be essential to confirm consistency in imaging quality, radiation sparing, and surgical outcomes over
time.

The IV-DSA AR protocol holds potential for broader application beyond AVMs, including dural sinus
malformations, vein of Galen anomalies, and pediatric brain tumors with vascular involvement. Future
investigations may incorporate real-time 4D flow mapping, AR drift correction, and artificial intelligence-
driven vessel segmentation to further enhance intraoperative navigation. Multi-center studies will be
necessary to assess reproducibility across platforms and teams, and to establish standardized pediatric
IV-DSA guidelines.

In conclusion, IV-DSA–based AR guidance provides a safe, adaptable, and radiation-efficient imaging
strategy for pediatric neurovascular surgery. As clinical experience expands, this protocol may serve as a
foundation for more personalized, lower-risk, and workflow-integrated surgical planning in children. Its
adaptability, safety profile, and imaging quality suggest potential for broader integration into pediatric
neurovascular practice.

CONCLUSION
This study demonstrates the feasibility and clinical value of a standardized IV-DSA protocol integrated
with AR-guided navigation in pediatric brain AVM surgery. By quantifying radiation exposure across
multiple imaging modalities and demonstrating protocol adaptability to pediatric physiology, we provide
evidence supporting IV-DSA as a safer, less invasive, and workflow-efficient alternative to conventional
angiographic methods. Our dosimetric modeling, technical workflow, and intraoperative outcomes
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highlight the potential for broader adoption of this technique beyond AVMs. As pediatric neurovascular
surgery increasingly demands individualized, low-risk imaging strategies, the IV-DSA protocol offers a
reproducible and scalable solution grounded in both imaging science and surgical practicality.
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Figure 1

A school-aged child (Case 1) was diagnosed with an unruptured left frontal arteriovenous malformation
(AVM; Spetzler–Martin grade I) (A, B). Intravenous digital subtraction angiography (C, D) revealed two
main feeding arteries originating from the left anterior cerebral artery, several minor feeding arteries
from the left middle cerebral artery, and one superficial drainage vein. We used the iFlow system (ARTIS
icono biplane angiography system; Siemens Healthineers, Erlangen, Germany) (E–H) to predict the
triggering time by tracking the opacification of the intracranial vessels and nidus. We also employed 3D
digital subtraction angiography (DSA), which outlined the AVM lesion and the location in the skull (I). We
labeled the contours of the nidus (yellow), superficial drainage vein (green), superficial feeding arteries
(blue), and deep feeding arteries (red) below the nidus. The AR image was precisely projected onto the
brain surface where brain AVM (bAVM) was located (J, K). When we began to resect the caudal site of
bAVM, augmented reality navigation guided us on the nidus margin and the direction of feeding arteries
below (L).
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Figure 2

A preschool-aged child (Case 2) presented with a ruptured left parietal–occipital arteriovenous
malformation with altered consciousness and signs of increased intracranial pressure. Initial brain
computed tomography revealed a left parietal–occipital intracerebral hemorrhage with a midline shift (A,
B). Magnetic resonance angiography showed persistent brain swelling after decompressive craniectomy
(C, D). bAVM resection was performed in a hybrid room equipped with an ARTIS icono biplane
angiography system (E). We delineated the nidus (yellow), superficial drainage vein (green), and feeding
arteries (pink and red) originating from the left middle cerebral artery and adjacent gyrus (light blue; F).
Severe brain shift occurred after dural opening (G). After manual adjustment of the augmented reality
projection, we regained a sense of direction and smoothly resected the bAVM as planned (H).
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Figure 3

Comparison of cumulative effective radiation doses. Comparison of the cumulative effective doses
(mSv) among intravenous digital subtraction angiography (IV-DSA), computed tomography angiography
(CTA), and intra-arterial digital subtraction angiography (IA-DSA) across one, two, and three imaging
sessions. The graph illustrates the substantial radiation-sparing advantage of the IV-DSA protocol
compared to conventional modalities at every time point.


