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ABSTRACT

BACKGROUND AND PURPOSE: The benefit-risk assessment concerning radiation use in pediatric neuroangiography requires an exten-
sive understanding of the doses delivered. This work evaluated the effective dose of 3D rotational angiography in a cohort of pediatric
patients with complex neurovascular lesions and directly compared it with conventional 2D-biplane DSA.

MATERIALS AND METHODS: Thirty-three 3D rotational angiography acquisitions were acquired in 24 pediatric patients (mean age, 10.4
years). When clinically indicated, following 2D-biplane DSA, 3D rotational angiography was performed with 1 of 3 technical protocols (2
subtracted, 1 unsubtracted). The protocols consisted of 1 factory and 2 customized techniques, with images subsequently reconstructed
into CT volumes for clinical management. Raw projections and quantitative dose metrics were evaluated, and the effective dose was
calculated.

RESULTS: All 3D rotational angiography acquisitions were of diagnostic quality and assisted in patient management. The mean effective
doses were 0.5, 0.12, and 0.06 mSv for the factory-subtracted, customized-subtracted, and customized-unsubtracted protocols, respec-
tively. The mean effective dose for 2D-biplane DSA was 0.9 mSv. A direct intraprocedural comparison between 3D and 2D acquisitions
indicated that customized 3D rotational angiography protocols delivered mean relative doses of 9% and 15% in unsubtracted and
subtracted acquisitions, respectively, compared with biplane DSA, whereas the factory subtracted protocol delivered 68%.

CONCLUSIONS: In pediatric neuroangiography, the effective dose for 3D rotational angiography can be significantly lower than for
2D-biplane DSA and can be an essential adjunct in the evaluation of neurovascular lesions. Additionally, available 3D rotational angiography
protocols have significant room to be tailored for effectiveness and dose optimization, depending on the clinical question.

ABBREVIATIONS: 3DRA � 3D rotational angiography; Ka,r � reference point air kerma

Angiography for the delineation of pediatric intracerebral vas-

cular lesions can often require digital subtraction angiogra-

phy at multiple angles for complete anatomic and hemodynamic

assessment. To supplement existing technology, the use of 3D

rotational angiography (3DRA) has increased in recent years and

is now a viable imaging option available to the neuroradiolo-

gist.1-4 It promises to add relevant clinical information that can

increase diagnostic confidence and potentially decrease the

amount of fluorography while allowing improved and more effi-

cient intervention planning. Existing applications of 3DRA in

neuroangiography range from assessing the anatomy of arterio-

venous malformations, volume-rendered vessel reformats for an-

eurysm treatment, CT reconstruction for hemorrhage and multi-

planar reformation, and MR imaging fusion for presurgical

evaluation and guidance.5-8

Although the concept of dose reduction and optimization is

often described in pediatric literature, the comparison of the ra-

diation dose between individual imaging events within a proce-

dure is not often evaluated.9,10 This practice is due to a number of

factors, including the inherent variability of neuroangiographic

procedures, the complexity of lesions being assessed, a wide range

of body habitus, differences in technical protocols between ven-

dors and models, operator preferences, and lack of viable patient

reference models/phantoms. Previous research has evaluated the

radiation dose in pediatric neuroangiography with respect to

readily available, system-provided dose surrogates, though the

work was not extended to effective dose, which is widely accepted

as a general quantifier of radiation risk.7 The correlation between
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these reference metrics and organ or effective dose is weak and has

not been published for the pediatric population.11,12 The effective

dose for pediatric 3DRA has been investigated for applications in

radiation oncology and cardiology and in adult patients and phan-

toms.13-17 Although effective dose is an imperfect metric and not

intended for use in individual patients, it can be a useful and valuable

tool for the identification, assessment, and comparison of radiation

burden in similar imaging scenarios. It is also an effective method of

radiation dose communication throughout radiology and associated

medical specialties.

With increasing use of 3DRA and advanced rotational imaging

techniques, this work sought to calculate and compare the effec-

tive dose of clinical standard-of-care 2D-biplane DSA and various

3DRA protocols implemented at our institution. This research

will aid in the continual assessment of the benefit-risk ratio with

each application of ionizing radiation in the complex pediatric

neurovascular environment.

MATERIALS AND METHODS
Within an 18-month period, thirty-three 3D-acquisitions were

performed in 24 patients requiring conventional angiography.

All procedures were performed by 2 pediatric neuroradiologists

(P.M. and M.M.S.) in a biplane interventional suite (Artis Q bi-

plane; Siemens, Erlangen, Germany).

Written informed consent was obtained from parents/guard-

ians for all procedures.

All procedures were performed with the patient under general

anesthesia. Patients were catheterized via femoral artery access.

Injections of iodinated contrast were delivered through a power

injector, with flow rates ranging between 2.5 and 5 mL/s and total

volumes ranging from 6 to 10 mL. The clinical indications for

these studies are described in Table 1.

Imaging
2D-DSA images were obtained using a 32- to 42-cm FOV with an

acquisition rate of 3– 6 frames/s. Acquisition length varied de-

pending on the indication and individual hemodynamics.

Customized technical protocols were used with a target kilo-

volt(peak) of 70, a requested detector dose of 1200 nGy/frame,

and applied copper filtration between 0.1 and 0.3 mm. Postpro-

cessing parameters varied depending on the imaging task.

Following biplane imaging, a 5-second 3DRA was acquired

with the patient at the isocenter and the FOV fixed at 42 cm. Three

3DRA protocols were evaluated in this article: a customized un-

subtracted protocol described in previous work and 2 subtracted

protocols, before and after customization.7 Pathology dictated the

decision to acquire subtracted or unsubtracted imaging volumes.

Subtracted 3DRA is composed of 2 rotations, the first creating a

“mask” volume, with the second in close succession using iodine

contrast material. Together, they are referred to as the subtracted

acquisition. Unsubtracted acquisitions use a single rotational vol-

ume with contrast. Select technical specifications are described in

Table 2.

Dosimetric Analysis
Effective dose was calculated through a multistep process.

Quantitative radiation dose surrogates were extracted through

assessment of radiation dose structured reports and informa-

tion parsed from each 3DRA imaging volume. Validation of

integrated radiation output systems was made with an external

radiation dosimeter following the methodology specified in

the American Association of Physicists in Medicine Task

Group Report 190.17

Details of each projection for both 2D-DSA and 3DRA were

obtained, including the following: kilovolt(peak), filtration, tube

current, exposure time, source-imager distance, projection angu-

lation, cranial-caudal angulation, milliampere, pulse width, table

position, air kerma area product, and reference point air kerma

(Ka,r). Attenuation of the imaging table and mattress for projec-

tions with complete interception of the FOV (namely, posterior-

anterior and small angles) was accounted for in the assessment.

Oblique projections with partial table attenuation were conserva-

tively assumed to be unattenuated.

The representative effective dose was determined through

Monte Carlo modeling software (PCXMC 2.0; STUK, Helsinki,

Finland). The method applied was a simple application of photon

transport based on stochastic simulation of interactions between

x-rays and matter and the deposition of energy to organs within

the imaged volume.18 Mathematic hermaphrodite phantoms of 4

reference ages and sizes were used (1, 5, 10, and 15 years) to sim-

ulate each patient in this study. The age of the reference model

closest to true patient age was used for each calculation.

For biplane 2D-DSA acquisitions, patient entrance air kerma

was determined for precise angles (projection and craniocaudal

angulation) of each stationary fluorographic run. These data with

corresponding beam quality and geometric considerations, in-

cluding source-to-entrance distances, were applied through the

Monte Carlo simulation process to calculate the effective dose for

individual posteroanterior and lateral runs. For display and dis-

cussion, each acquisition pair was summed to provide the total

biplane 2D-DSA effective dose.

For 3DRA acquisitions, we determined the patient entrance air

Table 1: Patient demographics and indications
Parameter Value

Age (mean) (yr) 10.4 � 5.1
Male/female 18:6
Procedure indication (No.)

AVM 28
Intra-arterial chemotherapy 2
Aneurysm 1
Aberrant neurovasculature 1
Presurgical embolization 1

Table 2: Technical factors for 3DRA acquisition protocols
Projections per

Rotation Rotation
Rotations Required

per Acquisition
kVp

Target
Detector Dose

(nGy/projection)
Filtration
(mm Cu)

Half-Value
Layer (mm Al)

Protocol 1 (subtracted) 133 200° 2 (mask, contrast) 70 360 0.0 2.9
Protocol 2 (subtracted) 133 200° 2 (mask, contrast) 90 200 0.3 7.1
Protocol 3 (unsubtracted) 248 200° 1 (contrast) 90 100 0.6 8.2
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kerma for each angulation, individually accounting for changes in

tube output per projection and correcting for source-to-entrance

distances for each representative patient age and size. Beam colli-

mation and FOV were assessed for each 3DRA volume and prop-

agated into the Monte Carlo calculation model. Communication

of air kerma, absorbed dose, and effective dose during each 3D

acquisition indicated the summation across all projections ac-

quired across the angular range of each rotation and the num-

ber of rotations required for the 3DRA (2 for subtracted, 1 for

unsubtracted).

In all calculations, the latest tissue-weighting factors from the

International Commission on Radiologic Protection Report 103

were applied in the calculation of effective dose.19 Following the

calculations for biplane 2D-DSA and 3DRA in the same vessel and

patient, relative comparisons were made for direct assessment.

RESULTS
Of the 33 3DRA acquisitions in this work, 12 were acquired with

the conventional 3D-DSA (subtracted) protocol (referred to as

protocol 1); 6, with the modified 3D-DSA (subtracted) protocol

(protocol 2); and 15, with the unsubtracted protocol (protocol 3).

The integrated system dosimeter in both planes was confirmed to

be accurate to within 6% through external validation with a cali-

brated dosimetry system.

The primary quantitative radiation dose surrogate, Ka,r for

aggregate 2D-DSA and 3DRA acquisitions, is shown in Fig 1. As

evaluated in prior work, a large range is observed in biplane 2D

DSA runs.7 The mean and median Ka,r for 2D-biplane DSA were

60.1 and 56.9 mGy, respectively, with a total range of 11.5–133.5

mGy. When we evaluated 3D protocols, the mean and median air

kerma for the subtracted acquisition were 52.8 and 56.0 mGy,

with a range of 21.0 – 85.6 mGy (factory 3D-acquisition, protocol

1) and 6.4 and 6.6 mGy with a range of 5.2–7.3 mGy for the

customized 3D-DSA acquisition (protocol 2). For unsubtracted

3D acquisitions (protocol 3), the mean and median air kerma

were 2.7 and 2.6 mGy, with range of 1.9 –3.7 mGy.

Figure 2 illustrates the considerable difference in reference

point air kerma as the tube and detector rotate about the patient
in 3DRA. Each data point corresponds to the mean Ka,r across all
patients, acquired using protocols 1, 2, and 3. The deviation in air
kerma around the 200° rotation is a function of the nonuniform
attenuation and thickness of the patient and the presence of

table, pad, and head support. The larger relative difference

observed in data from protocol 1 is due to its absence of copper

filtration and reduced beam quality (half-value layer), decreas-

ing its penetrating power and augmenting the impact of pa-

tient attenuation.

Effective dose as a function of projection angle is shown in Fig

3. All individual rotations are shown and follow a similar distri-

bution as in Fig 2. The variation observed within each curve is

indicative of deviation caused by the Monte Carlo process. The

relative variability in protocol 1 was due to differences in patient

head size, age, attenuation, and beam quality described earlier.

Summing across individual curves shown in Fig 3 determines

the effective dose for each 3D rotation. These data are shown in

Fig 4, aggregated across protocol and summed for subtracted

FIG 1. Box-and-whisker plot depicting the reference point air kerma
of biplane DSA and 3DRA protocols across all patients. Boxes denote
median, lower, and upper quartiles, with whiskers capturing values
outside the interquartile range.

FIG 2. Mean reference point air kerma as a function of projection
angle for 3DRA protocols 1, 2, and 3.

FIG 3. Effective dose as a function of projection angle for 3DRA pro-
tocols 1, 2, and 3. Each line indicates the effective dose for an individ-
ual rotation.
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3DRA, alongside the effective dose for 2D-biplane DSA. The

mean effective dose for biplane 2D imaging was 0.9 mSv, with a

range of 0.2–1.7 mSv. This was significantly greater than the dose

for subtracted 3DRA (factory: mean, 0.5 mSv; range, 0.3– 0.7

mSv), customized subtracted (mean, 0.12 mSv; range, 0.10 – 0.13

mSv), and unsubtracted (mean, 0.06 mSv; range, 0.04 – 0.08 mSv)

acquisitions. Data are summarized in Table 3.

Regarding organ dose estimates, the mean absorbed dose to

the brain for biplane 2D imaging was 15 mGy, with range of

4.2–31 mGy, greater than the dose for subtracted 3DRA (factory:

mean, 9.4 mGy; range, 4.1–14 mGy), customized subtracted

(mean, 2.4 mGy; range, 2.1–2.7 mGy), and unsubtracted (mean,

1.2 mGy; range, 0.8 –1.6 mGy) protocols. A similar relationship

was calculated for active bone marrow, with mean absorbed dose

estimates for 2D imaging � 2.1 mGy, subtracted 3DRA � 1.5

mGy, customized subtracted 3DRA � 0.3 mGy, and unsubtracted

3DRA � 0.2 mGy. Because the thyroid was outside the primary

FOV in all acquisitions, mean doses were low, with 2D imaging

delivering 1.2 mGy and 3D acquisitions delivering 0.3, 0.1, and

0.06 mGy across protocols 1, 2, and 3, respectively.

One source of variability in the 2D-biplane data was the dura-

tion of each acquisition (total number of DSA frames), because it

was free to vary depending on clinical needs. To account for this,

the 2D data were also normalized to a run length of 60 frames (10

seconds), the median number of frames considering all DSA ac-

quisitions (mean, 58.4 � 17 frames).

A limitation of evaluating aggregate effective doses across all

subjects is that the Monte Carlo model accounted for differences

in reference person (patient) age. Thus, the same 2D/3D protocol

applied to a 1-year-old patient would deliver a different effective

dose than that delivered to a 15-year-old patient, including ad-

justments for body habitus. This source of variability was re-

moved by assessing the relative effective dose between 2D-biplane

and 3D acquisitions in the same patient, in acquisitions evaluating

the same vessel. This comparison delivers the formative conclu-

sion of this work, illustrated in Table 4 and Fig 5: Customized

3DRA protocols delivered a mean of 9% (range, 3%–29%, un-

subtracted) and 15% (range, 10%–24%, subtracted), the effec-

tive dose of a single 2D-biplane acquisition in the same vessel.

The original subtracted protocol delivered a mean of 68%,

ranging between 27% and 127% compared with 2D-biplane

DSA. Figure 5 also compares the 3DRA imaging mode with

normalized 2D-DSA, generalizing the results and reducing

ranges to 3%–12%, 7%–22%, and 25%–103% for the custom-

ized unsubtracted, customized subtracted, and original sub-

tracted protocols, respectively.

DISCUSSION
Patient-centric radiation dose assessments in interventional radi-

ology are primarily focused on the calculation of peak skin

dose.20-22 Although a valuable indicator of the potential for a

deterministic effect (tissue reaction), skin dose is rarely the dosi-

metric focus in a pediatric environment due to the greater likeli-

hood of small patient habitus and considerably lower Ka,r across

all procedure categories. The relevant radiation concern in pedi-

atric interventions is largely the potential stochastic effect and the

current understanding that the risk in younger patients is greater

than in adults.19,23 Unlike in CT, quantifying the radiation bur-

den in angiographic procedures is a difficult and protracted

process. Many variables complicate dosimetry because the ir-

radiated anatomy, geometry (positions of tubes, patient, ta-

ble), acquisition type (fluoroscopy, fluorography, conebeam

CT), and technical factors (choice of imaging protocol, auto-

matic dose rate control) can vary throughout a procedure and

can differ among cases.
Comparing measured and reported radiation dose surrogates

is a common practice in fluoroscopic
and interventional applications.24-26

There is considerable utility in capturing
and analyzing these metrics for use in
quality programs and to establish notifi-
cation and substantial radiation dose

levels.27 Assessing the impact of Ka,r and
air kerma area product between inter-
ventions can be complicated as it does

not account for geometric factors, colli-

FIG 4. Box-and-whisker plot depicting the effective dose of biplane
DSA and 3DRA protocols across all patients. Boxes denote median,
lower, and upper quartiles, with whiskers capturing values outside the
interquartile range.

Table 3: Mean, median, and range of effective dose as a function
of acquisition type and protocol

Effective Dose (mSv)

Mean Median Range
2D

Biplane DSA 0.89 0.92 0.23–1.7
3D

Protocol 1 0.54 0.57 0.3–0.69
Protocol 2 0.12 0.11 0.1–0.13
Protocol 3 0.06 0.06 0.04–0.08

Table 4: Relative effective dose comparison indicating mean, median, and range for direct
and normalized comparisons

Relative Effective Dose

E3DRA/E2D-DSA (%) (E3DRA/E2D-DSA)Normalized (%)

Mean Median Range Mean Median Range
Protocol 1 68 65 27–127 61 67 25–103
Protocol 2 15 13 10–24 14 13 7.4–23
Protocol 3 8.9 6.1 3.3–29 7.5 6.8 3.4–12
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mation, obstacles in the path of radiation (table, pad, head sup-

port, etc) and differences in beam quality. Although these are

important dosimetric metrics, they cannot provide a comprehen-

sive assessment of radiation burden in pediatric imaging.

Effective dose is a mathematic, calculated quantity intended to

act as a surrogate of risk, reflecting the detriment of a nonuniform

exposure in terms of an equivalent whole-body exposure.19 Be-

cause there are numerous techniques, computational steps, and

variables in calculating the effective dose, values can vary by up to

�100%, depending on the applied Monte Carlo model, input

data, assumptions, and approximations.28 Also, because esti-

mates of biologic risk have evolved since the inception of effective

dose, the concept of a “true” value is not accurate. Comparing

effective doses using the same methods and calculation steps,

however, allows a relative assessment of imaging events similar to

those we investigated in this work. Although effective dose does

not estimate the risk for individual patients, this work has value as

part of an optimization process in pediatric neuroangiography.

The number of significant figures described in Table 3 does not

indicate precision and was not proposed to illustrate a difference

in radiation risk but was intended to emphasize the dosimetric

FIG 5. Box-and-whisker plot depicting the relative effective dose
comparing 3DRA and biplane DSA acquisitions in the same patient.
Relative comparison with the original 2D-DSA effective dose (left)
and normalized DSA effective dose (right) for each 3DRA protocol.
Boxes denote median, lower, and upper quartiles, with whiskers cap-
turing values outside the interquartile range.

FIG 6. An example of the use of a 3D rotational angiographic sequence (protocol 3). A 12-year-old girl was referred from an outside institution
4 months after hemorrhage from a right frontal arteriovenous malformation. A, Postgadolinium axial 3D T1-weighted MR image shows the AVM
nidus within a collapsed hemorrhagic cavity in the right superior frontal gyrus. B, Diagnostic angiography in the right internal cerebral artery in
an oblique frontal projection shows the nidus fed from posterior internal frontal branches of the anterior cerebral artery, with early filling of an
inferiorly draining cortical vein (arrow). The AVM was surgically resected, following which DSA (not shown) confirmed no residual nidus. C,
Postgadolinium axial 3D T1-weighted MR image obtained at 6-month follow-up shows linear enhancement within the surgical cavity. Diagnostic
angiography subsequently performed showed no arteriovenous shunting. D, 3D rotational angiography performed in the right internal cerebral
artery using protocol 3 with 30% contrast concentration, subsequently reconstructed into CTA. E and F, 3D rotational angiography fused with
the pregadolinium 3D T1-weighted MR imaging sequence, which confirmed no vascular structures within the surgical cavity in multiple planes.
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differences in each acquisition protocol and the relative difference

within specific procedures and imaging events. A similar limitation is

appropriate for interpretation of the organ doses presented.

There has been a tendency to avoid performing 3DRA in chil-

dren because the magnitude of its radiation use is not often fully

understood. This has encouraged neuroradiologists to continue

with their established standard of care (ie, multiple 2D-biplane

DSA projections) in situations in which 3DRA may have been a

viable and effective alternative. This work was intended to quan-

tify and compare the dose differences between 2D and 3D acqui-

sitions and to illustrate that the effective dose for a single 3DRA

acquisition could be considerably lower than that for a typical

biplane fluorographic acquisition and can be further reduced

without loss of clinical utility though protocol customization.

This work clearly illustrated that customized unsubtracted and

subtracted 3D protocols deliver a fraction of the radiation dose

delivered in a biplane 2D acquisition.

This work was one of many endeavors to better understand the

application of radiation in 3D acquisitions in pediatric neuroan-

giographic practice. All 3DRA acquisitions reported in this article

were of diagnostic quality and appropriate for clinical manage-

ment of each patient, as illustrated in Fig 6. Qualitative assess-

ments were made throughout the tuning process, and future work

will measure the impact of varied 3D acquisition parameters on

quantitative image quality in patients and phantoms. Although

image quality is intricately linked to the conclusions of this article,

the intention of this work was to determine the effective dose of

customized and factory protocols acquired on patients at our in-

stitution. Additional research will evaluate the procedural impact

of 3DRA in reducing the amount of fluorography in individual

cases, assess the effects of varied proprietary postprocessing capa-

bilities on quality and image acquisition, and further investigate

the impact of 3DRA on patient management and outcomes.

CONCLUSIONS
An essential responsibility of the pediatric neuroangiographer is

the knowledge of radiation dose for individual actions within the

interventional suite. This includes the relative magnitude of con-

ventional DSA and 3DRA acquisition techniques. With customiza-

tion of 3D acquisition protocols, the effective dose for 3DRA can be

significantly lower than for 2D-biplane imaging, solidifying its place

as an essential adjunct in the evaluation of neurovascular lesions.
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