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Background and Purpose: Stereotactic Radiosurgery (SRS) is a specialized radiotherapy treatment technique for
Arteriovenous Malformations (AVM) in which Computed Tomography (CT) images are used for dose calcula-
tions. The purpose of this study was to investigate CT image distortions caused by embolic agents and quantify
the influence of these distortions on dose calculations.

Methods: Eight AVM patients administered embolic agents prior to SRS were included. Original plans were
compared to new recalculated plans using two sets of images. The first set was created by masking the embolic
material and artefacts, the second was the diagnostic CT images. In addition, treatment plans were created for an
anthropomorphic phantom with water inserts, then with known volumes of embolic materials to study the
dosimetric effect of each material.

Resulits: Relative to patients’ original plans, maximum Monitor Unit (MU) difference was —4.4% with whole brain
masking, —1.3% with artefact masking, —4.1% with embolic masking, and —4.5% with artefact-free diagnostic
images. Calculated dose differences were within + 3.5% for all plans. In phantom, Gamma pass rate was 96% for
both embolic agents with conformal fields and 99.9% with dynamic arcs. Dose and MU differences in phantom
plans were negligible.

Conclusion: Relative dose differences between the original plans and the corrected ones were not clinically
remarkable. We recommend evaluating the effect of embolic materials on individual patients’ plans. The whole
brain corrected planning CT images or diagnostic CT images could be utilized to calculate the magnitude of dose
reduction caused by embolic materials and correct it if necessary.

1. Introduction: for radiotherapy treatment planning systems (TPS), due to its geomet-

rical accuracy and electron density data. CT images however may suffer

Arteriovenous Malformations (AVM) are congenital lesions of
abnormal blood vessels [1-4]. It is estimated that one person in 100,000
will develop AVM annually [5]. For younger people, AVM’s are the main
cause of non-traumatic intracerebral hemorrhage [6]. In addition to
surgery and embolization, AVM management options include Stereo-
tactic Radiosurgery (SRS) [4,7,8], which is a specialized technique that
delivers highly focused and conformal radiation dose to a small planning
target volume (PTV) in a single fraction. Embolization is an invasive
procedure that involves the injection of embolic materials into the AVM
to obstruct blood flow from feeding arteries [9].

Computed Tomography (CT) imaging is the most suitable modality
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some imaging artefacts due to the presence of high density materials
such as dental fillings, prosthetic implants, and contrast agents. These
imaging artefacts could alter the measurable CT numbers.

Some AVM patients undergo embolization procedures prior to SRS
treatments [8]. Embolic materials usually remain in the AVM for pro-
longed periods of time. Consequently, radiotherapy planning CT images
for these patients often include artefacts arising from residual embolic
materials. The artefacts can be severe and may result in considerable
changes in the CT numbers that masks anatomy and cause mispercep-
tion, see Fig. 1, which in turn may reduce the dose calculations accuracy.

Many published studies have investigated the effect of contrast
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agents on radiotherapy dose calculations [10-16], however, fewer
studies investigated the influence of embolic materials. The reviewed
published articles on the subject can be divided into two groups, first
group acknowledged the effect and recommended dosimetric correc-
tions [17-20]. The second group reported no significant dosimetric
changes [21-24]. However, these reports were generally based on
simplified treatment plan simulations with rigid phantoms, and mostly
used a single beam with regular-shaped targets, which are not realistic
clinical representations. As an example of the second group, Roberts et al
[23] measured the attenuation of large embolic material samples on a
solid phantom using a parallel plate ionization chamber. Although the
study reported that the radiation beam was attenuated by 1.0% for 6 MV
photons, the authors recommend further study to evaluate the effect on
dose calculations. In a study on the effect of a similar embolic agent
[24], the authors measured the attenuation factors for the embolic
material in its liquid form and as a solid after it was mixed with blood.
Then they overwrote the CT numbers in a group of 16 patients that was
previously treated. They concluded that a dose correction is necessary to
reduce inaccuracies in treatment delivery. On the contrary, another
similar study [18] has concluded that the embolic material did not
reduce the radiation dose delivered by 4-Arcs treatment plan to a plastic
water phantom. A similar conclusion was also drawn in another study
that investigated the dosimetric properties of different embolic mate-
rials in two scenarios [19]. First in the presence of Tantalum powder,
which is a radiopaque agent used in some embolic materials, and second
when Tantalum powder was not used. The results from this study sug-
gested that the dosimetric properties of the embolization agents were
similar to those of water for a 6 MV beam. Other investigators [21]
concluded a dose reduction from 10% to 14.9% when different con-
centrations of the embolization materials were used for a solid water
phantom. Similarly, another study [22] investigated the effect of the
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embolization material on the accuracy of dose calculation in clinical
setups and concluded that the pencil beam (PB) dose calculation algo-
rithm overestimates the calculated dose.

The primary aim of this study was to quantify the dosimetric effects
of the embolic materials on the AVM treatment planning dose calcula-
tions in clinically relevant scenarios. Furthermore, possible reduction
methods to these effects were investigated.

2. Materials and Methods:

This study was approved by our institutional review board, (IRB
18-688). The AVM treatment program in our institution is based on
linear accelerators (Linacs). The Linacs used were beam-matched dual
energy HDX machines (Varian Medical System, Palo Alto, USA),
equipped with high definition Multi-Leaf Collimators. Treatment plans
were developed using iPlan TPS version 4.5.5 with a PB dose calculation
algorithm (BrainLab AG, Feldkirchen, Germany). CT images were ac-
quired using a large-bore radiotherapy CT simulator (Somatom,
Siemens, Germany) according to the departmental protocol for Brain
SRS treatment.

Two embolic agents were evaluated in this study, Onyx™ (Micro
Therapeutics Inc., Irvine, CA, USA) and Phil™ (Microvention Europe,
Saint-Germain-en-Laye, France). Onyx is a non-adhesive liquid embolic
agent comprised of ethylene vinyl alcohol copolymer dissolved in
dimethyl sulfoxide and suspended micronized Tantalum powder to
provide contrast. Phil is also a non-adhesive liquid embolic agent
comprised of co-polymer dissolved in dimethyl sulfoxide with an iodine
component to provide radio-opaqueness.

Patients selection criteria included AVM patients who underwent
SRS treatment following embolization and had pre-embolization diag-
nostic CT images that satisfy the three-dimensional registration accuracy

Fig. 1. Embolic materials cause significant artefacts that may interfere with dose calculations and obscure the anatomy. The image is for an AVM patient (casel)
several months after embolization. The streaks in subfigures A and C are a result of photon scatter and beam hardening due to the presence of high density embolic
material, both bright and dark streaks are visible in this image. AVM in demarcated in red contours: A) CT planning image showing the embolic material and
associated artefacts, the SRS frame and posterior fixation screws also shown, B) diagnostic CT image acquired prior to the administration of the embolic material, C)
Planning and diagnostic CT image blend, and D) Lateral angiograph image showing the blood vessels and the AVM, the embolic material itself is so small that it
cannot be seen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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criteria of 0.2 mm and 0.1° when rigidly registered to planning CT im-
ages. Eight patients met the criteria, one patient was administered Phil,
one patient had Phil following Onyx, and Onyx alone was administered
to the other six patients. Two treatments were delivered with dynamic
arcs and the remaining six were delivered using static conformal beams,
Table 1.

2.1. Dosimetric investigation of embolization materials

The study design included two separate methods, the first was based
on CT number masking of artefacts using patients’ radiotherapy treat-
ment planning CT images. In the second method, artefact-free pre-
embolization diagnostic CT images were used for dose calculations.
Treatment plans based on both image sets were compared to the original
treatment plans in terms of MU and dose calculation. In addition, two
different SRS plan templates were calculated in a standard setup using a
rigid anthropomorphic phantom with custom inserts filled with known
volumes of water and embolic agents. The phantom used was a head
Alderson Anthropomorphic phantom (Radiology Support Devices, Long
Beach, CA, USA).

2.2. CT numbers masking method

Using the original planning CT images, three structures were created
to demarcate the volumes of interest. These were Embolic Material
Structure (EMS), Image Artefacts Structure (IAS), and Whole Brain
Structure (WBS). The structures were contoured in CT images at variable
viewing window levels to accurately define the volumes of interest.
Then, the respective CT number values were overridden and assigned to
water, i.e. 0 HU. The goal was to replace the extreme density artefacts in
CT images with water equivalent density which is a reasonable radio-
logical tissue substitute.

IAS was created by subtracting EMS from WBS to represent the
artefact affected volume within the brain. Effects of embolic materials
and image artefacts on absolute dose and MU were evaluated by
calculating the percentage difference (PD), Equation (1), between the
CT-masked plans and the original treatment plans.

(Cv — Dv)

PD = 100*
Dv

@
Cv is a point dose value in CT-masked plan and Dv is the corre-
sponding value in the original treatment plan that shares the same

Table 1

Summary of the 8 patients included in the study with prescribed dose (Gy), AVM
volume (cc), Embolic Material Structure (EMS) volume (cc), AVM and EMS
overlapping (intersection) volume (cc), and the treatment technique. NI in-
dicates no intersection.

Case  Prescribed AVM EMS AVM and EMS Treatment
Dose (Gy) Volume Volume Intersection Technique
(cc) (cc) Volume (cc)

1 15 9.2 22.2 1.3 7 Conformal
Fields

2 18 15.5 7.5 4.8 4 Dynamic
Arcs

3 20 3.0 2.9 1.0 7 Conformal
Fields

4 22 0.9 3.6 0.1 12
Conformal
Fields

5 16 10.2 3.2 2.8 9 Dynamic
Arc Fields

6 20 3.0 1.5 NI 7 Conformal
Fields

7 22 0.1 0.9 0.0 7 Conformal
Fields

8 21.8 0.3 4.8 0.1 7 Conformal
Fields
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coordinate. Dose values were compared using PD for a variety of dose
metrics, including maximum, mean, and minimum in the AVM target
volume.

2.3. Artefact-Free diagnostic CT images method

Artefact-free diagnostic images acquired prior to embolization were
used for dose calculation. Original radiotherapy planning CT images
were replaced by these diagnostic CT images. A dedicated calibration
curve for each diagnostic CT machine was used for dose calculation
relevant to the diagnostic CT image set in use. The diagnostic CT images
were rigidly registered to the planning CT images, Fig. 1. Then, MU and
dose values were recalculated without optimization or modifications to
the plan parameters. Similar to the first method, Equation (1) was used
to quantify differences between diagnostic CT-based plans and the
original plans. Furthermore, dose differences were assessed using three
dimensional (3-D) gamma evaluation with three criteria levels; distance-
to-agreement (DTA) of 1.0 mm and dose-difference (DD) of 1.0%, DTA
1.0 mm and DD 2.0%, and DTA 1 mm and DD 3.0%. In addition, 10%
threshold was applied to eliminate low dose error over-estimation [25].

2.4. Anthropomorphic phantom dosimetric evaluation

Known volumes of the two embolic materials and water were placed
inside an anthropomorphic phantom to evaluate the effect on MU
calculation and dose values. The head part of the phantom was used to
insert cylindrical plastic tubes containing water, Onyx, or Phil,
demonstrated in Fig. 2 and Supplementary Fig. S1. Two tubes of each
material were used in tandem. All CT images were acquired with a slice
thickness of 1.5 mm using the same departmental radiotherapy SRS CT
head protocol. The six tubes had identical dimensions, the first pair
contained 1.8 ml mixture made of 1.5 ml Phil material diluted with 0.3
ml of water, the second pair contained 1.8 ml mixture made of 1.5 ml
Onyx material diluted with 0.3 ml of water. The third pair contained 1.8
ml of water. Water was added to the embolic agents to make it easier to
handle and simulate the effect of blood on the embolic material.

The planning goal was to deliver 20 Gy in a single fraction to a
spherical 5.6 cm® PTV located in the center of the phantom. Dose dif-
ferences between the three calculated plans were evaluated using Ver-
iSoft software package version 5.1 (PTW-Freiburg, Germany).
Comparisons were based on 3-D gamma analysis with distance-to-
agreement (DTA) of 1.0 mm and dose-difference (DD) of 1.0% criteria.
In addition, 10% threshold was applied to eliminate low dose error over-
estimation [25].

2.5. Statistical analysis

Statistical evaluation of the results was performed using the Statis-
tical Package for Social Sciences (SPSS) version 25 (SPSS Inc., Chicago,
IL, USA). Alpha level p-value < 0.05 was considered statistically sig-
nificant, while p-value greater than 0.05 was considered statistically
non-significant. Data were evaluated for normality, then the proper
statistical test is chosen to determine the significance of the difference
between the data sets according to the following steps:

1. Shapiro-Wilk normality test that shows whether a dataset is
distributed normally or exhibits a non-normal distributions [26].

2. Mann-Whitney-Wilcoxon test to evaluate the differences between
two independent non-normal distributions [27].

3. Student’s T-test to evaluate the difference between two independent
normal distributions [28].

3. Results

CT numbers Masking Method and Artefact-Free Diagnostic CT Im-
ages Method.
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Fig. 2. Axial CT images for the anthropomorphic phantom using Water (A), Phil (B), and Onyx (C) showing the PTV (orange circle) and 10% (Cyan) to 100% (Red)
isodose lines for the 20 Gy prescription. No artefacts are seen in image A, while artefacts are clear in the other two, with Onyx resulting in more intense atrefacts. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Calculated MU were found to be normally distributed in all plans. T-
test indicated statistically significant differences between original
treatment plans and CT number masking based plans while no statisti-
cally significant differences were found between WBS masked and
diagnostic image based plans (p = 0.07).

Differences in the calculated MU values using IAS, EMS, WBS, and
diagnostic image based plans relative to the original calculated MU are
listed in Table 2. The absolute mean difference was lowest with IAS
(0.8%), while the differences were three times higher than the value
with the other three correction methods. In addition, calculated MU
values were similar in WBS and diagnostic image based plans, the
maximum difference in MU between the two is within 1%.

The mean calculated PTV dose values were normally distributed for
all plans. T-test indicated a statistically significant difference in calcu-
lated mean dose between original plans and WBS plans, p = 0.04. On the
other hand, no statistically significant differences were found between
calculated mean dose using diagnostic images based plans and either
original plans, p = 0.06, or WBS plans, p = 0.6. The differences were
noticeably higher between the original plans and both WBS and diag-
nostic image plans, Table 3, maximum absolute difference 3.5%. When
comparing WBS and diagnostic image plans, the maximum absolute
difference was 2.1%. With regard to the calculated dose, gamma eval-
uation revealed that some cases (3 cases out of 8 cases, at 1 mm/3%) did
not pass the gamma criteria (95%, Supplementary Table S1).

Table 2

Percentage differences in MU compared to the original plans. (IAS) when the
artefacts were masked, (EMS) when the embolic material was masked, (WBS)
when the whole brain was masked, and diagnostic image when artefact free
diagnostic images were used. Percentage Difference (PD) is calculated using
Equation (1) for the total calculated MU values with the four different CT images
relative to MU in the original plans.

Case No. Material IAS EMS WBS Diagnostic Image
(%) (%) (%) (%)
1 Onyx —0.9 -3.5 —4.3 —4.3
2 Onyx + -0.9 -1.0 -1.9 -1.5
Phil
3 Onyx -0.8 -3.1 -3.7 -3.6
4 Onyx -1.3 -1.8 -2.8 -2.5
5 Phil -0.8 -2.0 -2.8 -1.8
6 Onyx -0.9 -0.9 -0.9 -0.9
7 Onyx -0.5 0.0 -0.5 0.6
8 Onyx -0.2 -4.1 —4.4 —4.5
Maximum —0.2 0.0 -0.5 0.6
Minimum -1.3 —4.1 —4.4 —4.5
Mean —0.8 -2.1 -2.7 -2.3
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The 3-D gamma index pass rate for Anthropomorphic Phantom
dosimetric investigation was 96% for both water versus Onyx and water
versus Phil when conformal fields were used, while it was 99.9% for
both embolic agents against water with dynamic arc plans. Dose and MU
differences between the plans for the two embolic materials and that
with water insert were negligible, Table 4.

4. Discussion

This study investigated the dosimetric effects of SRS planning CT
image artefacts induced by two embolic materials. Calculated MU and
dose values in the original plans were compared to plans based on
corrected CT images and artefact-free diagnostic CT images. In addition,
the dosimetric effects of the two embolic materials were investigated in
phantom. The results suggested that the dosimetric effects of the two
embolic materials were not clinically remarkable.

There were no clinically remarkable differences in the calculated MU
values relative to the original treatment plans. Several other factors
could contribute to the deviations in dose calculation such as the AVM
volume, embolic material composition, and the proximity of the residual
embolic material to the AVM target volume in addition to the intersec-
tion volume between the AVM target and embolic material as in cases 1
and 8 (see Table 1 and Fig. 1).

When distortions from the artefact and embolic material were cor-
rected using WBS masking volume, relative differences in MU were
equivalent to the sum of relative differences in IAS and EMS. In addition,
the observed relative differences with WBS were equivalent to those
obtained from diagnostic image plans. Which suggest that the embolic
material volume was the main contributor to the differences in MU and
dose values. This can be demonstrated clearly in case number 6 which
has the same relative MU difference (-0.9%) regardless of the correction
method due the relatively small physical embolic volume (1.49 cc) and
its distal location to a larger AVM (3.05 cc), Supplementary Fig. S2.

In terms of dose difference, Olga et al [22] reported that PB calcu-
lations over-estimated dose values by more than 4%. This study indi-
cated that mean dose differences between patient treatment plans and
WBS based plans were statistically significant, however these differences
were clinically unremarkable. When diagnostic images were used for
dose calculations, dose differences were found to be statistical insig-
nificant. Mean dose differences between original treatment plans and
WBS corrected plans were marginal. This suggests that both diagnostic
images and WBS masked images are good methods to estimate the
dosimetric effect of embolic materials.

Although the maximum, minimum, and mean difference values
indicated insignificant differences in dose values, gamma evaluation
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Maximum, minimum, and mean percentage dose differnces between the WBS corrected plans, diagnostic images based plans, and orginal plans for the eight patient

plans in the study.

Percentage Difference in 1 2 3 4 5 6 7 8
WBS vs. Original plan Maximum Dose -29 -0.3 -2.6 -0.4 -1.9 -0.1 0.0 -1.7
Mean Dose -1.9 0.3 -2.0 —0.5 -0.8 0.0 0.1 -1.2
Minimum Dose -3.5 -0.2 —2.4 0.1 -1.6 0.1 0.0 -0.9
Diagnostic image plan vs. Original plan Maximum Dose -2.8 -0.2 -2.5 —0.2 -1.8 -0.2 0.0 -1.6
Mean Dose -1.8 0.3 -21 -0.1 -0.8 -0.2 0.1 -1.3
Minimum Dose -1.3 -1.1 -2.7 0.3 -1.9 -2.6 0.0 -1.0
WBS vs. Diagnostic image plan Maximum Dose -0.1 -0.1 -0.1 -0.1 -0.2 0.1 0.0 -0.1
Mean Dose -0.1 -0.1 0.1 -0.4 0.0 0.2 0.0 0.1
Minimum Dose -2.2 0.9 0.3 —0.2 0.3 2.7 0.0 0.1

Table 4
Percentage differences in MU and dose values metrics relative to plans with
water inserts in the anthropomorphic phantom.

Onyx (%) Phil (%)
Relative MU Difference 0.02 0.14
Minimum Dose Difference 0.05 0.05
Maximum Dose Difference 0.54 —0.15
Mean Dose Difference 0.05 —0.05

suggested otherwise. There were clinically significant differences in
some cases. Gamma evaluation describes a global three dimensional
deferential comparisons for all points in the region of interest not only
finite maximum or minimum values [25,29]. A robust planning strategy
that includes dosimetric evaluation is important for AVM radiotherapy
treatments to achieve obliteration and reduce the probability of recur-
rent hemorrhage. Thus, even if the differences in absolute dose values
seems to be insignificant the clinical implications could be significant if
the dose value is close to the minimum dose to achieve obliteration.
When the minimum prescribed dose for an AVM is 12 Gy, the obliter-
ation probability based on Karlsson-Lax and Flickinger radiobiological
models are 49.0% and 39.3% respectively [22]. If the treatment plan-
ning algorithm overestimates the dose by 3.5% similar to result in
Table 3, which renders 11.64 Gy, the obliteration probability will be
decreased to 47.8% and 36.0% for Karlsson and Flickinger respectively.
Thus, we recommend to correct the CT images used for dose calculations
whenever the prescribed dose is in the range of 12 Gy to 15 Gy by using
either WBS masking method or diagnostic images based planning to
minimize the risk of unsuccessful AVM obliteration.

The dosimetric effects of known volumes of Onyx and Phil were
evaluated in an anthropomorphic phantom. Three-dimensional gamma
evaluation was used with strict criteria of 1 mm DTA and 1% local dose
difference. Results indicated that the dosimetric effects of both embolic
materials were clinically unremarkable when conformal static fields and
dynamic arcs were used. Gamma index pass rates were 96% and 99.9%
for water versus Onyx and water versus Phil respectively. This is due to
the distribution of incident radiation on multiple beam projections
where the dosimetric effect of the embolic material is reduced by pri-
mary beam contributions from different angles. Therefore, the presence
of radiologically-dense embolic materials seems to mainly attenuate
primary beams going through the embolic material. A similar finding
was reported by a Monte Carlo study [30] that used the same gamma
evaluation criteria to evaluate dose calculations in presence of Onyx
relative to water, they reported a 98.2% gamma passing rate which in-
dicates clinically unremarkable difference. Even though the Onyx clin-
ical performance is well documented in the literature, there is no
significant dose difference between treatment plans based on Phil and
Onyx materials. Phil however has less observed artefacts compared to
Onyx due to the use of iodine rather than Tantalum. This could make
Phil more suitable for accurate delineation of the AVM and surrounding
critical structures which is suggested by a recently published review
article [31]. Another advantage of Phil embolization is that it does not
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require special preparation and can be administered directly to the
patient.

This work included a small number of SRS patients that underwent
embolization and had diagnostic CT images prior to embolization. In
addition, only two patients were administered Phil agent, which is a
limiting factor even though the statistical analysis confirms the findings
of the investigation. The treatment planning system iPlan is designed to
handle a maximum CT number of 3071 HU which might increase the
uncertainty in dose calculations with denser materials.

In conclusion, embolic materials induced image artefacts may reduce
the accuracy of dose calculations. Planning SRS treatments with multi-
ple fields and arcs could moderate the dosimetric effect of image arte-
facts. Although the relative dose differences between the original plans
and the corrected ones obtained in this work were not clinically
remarkable, we recommend to evaluate individual patients’ treatment
plans and make corrections especially when the prescribed dose is in the
range of 12 Gy to 15 Gy to minimize the risk of unsuccessful AVM
obliteration.
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