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This study aims to verify the weighted Computed Tomography Dose Index
(CTDIw) coefficients of 3D rotational angiography (3DRA) procedure using Monte
Carlo simulation. The Monte Carlo simulation EGSnrc usercode was employed for
3D dose simulations of the rotational angiography procedure. A virtual phantom
resembles the head CTDI phantom was constructed, with a diameter of 15 cm and a
density resembling polymethyl methacrylate (1.13 g/em3). A series of virtual
phantoms consisting of 5 images with ionization chamber detectors at the center
position, 12 o'clock, 9 o'clock, 6 o'clock, and 3 o'clock were acquired. Simulations
were performed with photon sources of 70 and 109 kVp for 200-degree x-ray tube
rotation. The field of view was divided into narrow, wide, and full beam with
diameters of 1.7 cm; 4.9 cm; and 8.6 cm, respectively. The simulated doses at the
ionization chamber were processed into weighting factor for weighted CTDI and
compared with direct measurements. The dose ratio between peripheral and
center positions for 360° CBCT and 200° 3DRA was 1:1 and 1:3 in this study.
The weighting factors for 3DRA were determined as CTDlcenter = % and
CTDlperiphery = %. The measured average percentage difference of CTDIw
between our weighted factor and conventional CTDIw was 1.75 % (-3.99 %
to 6.08 %). The x-ray tube position of 3DRA impacted the accuracy of weighting
factor of CTDIw, with implications for the proposed weighting factor (Wcenter = %
and Wperiphery = %) when using a 3DRA machine.

© 2024 Atom Indonesia. All rights reserved

12INTRODUCTION

31CTDI was measured at 5 points (1 central position
seand 4 peripheral positions), then weighted the

13 Angiography is the gold standard of vascular
14imaging during interventional radiology,
1sinterventional cardiology, or invasive surgery.
16Recent advancements in rotational irradiation allows
17this modality to generate three-dimensional (3D)
1simages known as 3D rotational angiography
19(3DRA). However, one of the main concerns in
203DRA is the medical radiation dose to patients.
21Mostly, the dose in angiography is assessed based on
22Dose Air Product (DAP) and effective doses [1].
2sNonetheless, DAP based evaluation is not relevant
24t0 rotational procedure. The closest method to
253DRA is tomographic procedures like Computed
26 Tomography (CT) scan. The fundamental dose
27descriptor for this procedure is the CT Dose Index
28(CTDlyg), Which involves using a 100 mm long
2ocylindrical ionization chamber and a cylindrical
sophantom for measurement. As a body representative,
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ssresults to obtain the average cross-sectional
sadose distribution called weighted CTDI (CTDIy).
35 The conventional CTDI,, for a CT scan is defined by
ssusing Eq. (1).

37

8 CTDIly = %(CTDlloo)center + 2 (CTDlloo)periphery (1)

39

40 However, the values 1/3 and 2/3 serve as
a1weighted coefficients to predict the average dose
a2across all phantoms [2], and these coefficients are
a3designed for fan beam computed tomography
44(FBCT) with full (360°) x-ray tube rotation.

45 The 3DRA irradiation employs cone beam
sscomputed tomography (CBCT) with a rotation of
a7less than 360° [3]. These parameters have made
sgconventional CTDI, unable to describe dose
aodistribution in 3DRA. To accommodate CTDI
someasurements for CBCT, a previous study has
siadvised using a point chamber in the middle of
s2the beam [4] or pencil chamber with a length of
53250 mm to cover all the secondary x-rays [5].
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saHowever, most diagnostic radiology centers do not oeregions: x-ray tube (BEAMnrc) and CTDI head
sshave access to point or 250 mm long pencil 1z0phantom (DOSXYZnrc). The components of the
sschambers to  follow this recommendation. 111x-ray tube consisted of photon source and beam
s7Consequently, the International Atomic Energy t12collimator. The x-ray source was defined using an
ssAgency (IAEA) published a protocol for using a113X-ray spectrum generator based on a tungsten anode
59100 mm pencil chamber detector on a CBCT 114?['3_%3;%}3;“0(1% ;Sir_l?h ir;terpotlatir:g p;o(ljyno_l?ial?
soand a 32 cm diameter of the acrylic phantom. 115 metnod with a tungsten target aensity o
s1This protocol adds the ratio of the fu>lll bea?m width 1168.96 g/cm® [16]. The spectrum results for each
62to the narrow plane beam width as close as 20 mm 117enr(]9_r9hy were tzegl cor;verteE% isnto Splec'[ftuhm format,
e3to the CTDly formula [6]. Furthermore, there1isWniCh IS readable Tor nrc. In the source
sswas a difference of CTDIW[ u]p to 10 % for a 200° 11oparameter, source 1 (parallel rectangles of point
ssand 18 % for a 180° rotation using the conventional 120S0urces) was chosen, with an energy limit for
ssequation [7,8]. 121E:S?tgpfhgnrgailseg;reorréil set at 10 keV, excluding the
67 In addition to measurements using detectors, *** :

ssseveral dose calculations regarding dose distribution #* 210°

s9oin CT have also been developed, such as CT-Expo

70(G. Stamm, Hannover, and H.D. Nagel, Buchholz,

71Germany) [9] and Virtual Dose (NIBIB, USA) [10].

72Evaluations of these software programs indicate that . R

7stube voltage parameters influence dose distribution, ~ "=stcee B g M source
7abut other parameters such as beam collimation or " ' ' '

7sradiation width do not significantly affect changes in

76CT dose distribution [11]. However, several studies

77have reported that another type of radiation width, as

7swell as phantom geometries, impacts the weighted

7ocoefficients. Kim, Song et al. (2011) obtained the 90°

soweighted coefficients with a ratio of 50:50 for the ,, Y[ _ . g
sicenter and periphery of the phantom for > 40 mm ;. X d=16em
szirradiation width [12]. In addition, the Monte Carlo . (a)
ssstudies also proved that the weighted coefficients
sawould change with the change of phantom
ssgeometries. The large range of diameter of the
sscylindrical phantoms reported that the weighting
gzcoefficient is more accurate with values of 3/8 and . 10cm
885/8 for the center and periphery points than the
soconventional CTDI,, [13]. As for the elliptical
sophantom, the weighting values vary linearly
s1following the ratio of the major and minor phantom

Calculated area

FB WE NB 15¢cm

sodiameters [14]. In 2021, a Monte Carlo simulation Calculated area
ssmethod was also be used to predict weighted CTDI iy i
oafor CBCT and the optimum position of ion chamber ;g X tom
gsmeasurement points [15]. 129 b
96 This study aims to determine appropriate 122 (b)

97CTDI,, weighted coefficient by utilizing the EGSnrc 132 Fig 1. (a) Transversal plane of Virtual CTDI head phantom.

) . 134  positions of CTDI measurement. 0-degree position was at
99C-arm ‘machine and to compare the proposed 135 the 3 0’clock and X-ray tube rotated from 350° to 190°

1ocoefficient with the conventional CTDI,, equation. 135 with clockwise direction (dash line). (b) Frontal plane view

101 137 of CTDI phantom. Small cylinder at the center defined an

102 138 example of air cavity as active volume. The algorithm
139 calculated absorbed dose inside the air cavity within

10sMETHODOLOGY 140 calculated area. NB, WB, and FB represented field width of

141 narrow beam, wide beam, and full beam scan, respectively
10aMonte Carlo of 3DRA o

105 The Monte Carlo simulation modeled the 143 The lead collimator was used to shape the
1sdelivered beam of 3DRA irradiation on the Siemens 144beam width. In this research, the CTDI phantom was
107Artis Zee using two energy spectra i.e., 70 keV and ssirradiated with width of 1.7 cm, 4.9 cm, and 8.6 cm
108109 keV. The simulation was divided into two 146at the midpoint of the rotation. 1.7 cm was used to
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1u7accommodate  for standard fan-beam CTDI 9sRelative dose calculation
14gmeasurement. The simulation results are stored in
149.phps format at the lower end of the collimator . , .
1socomponent. The second region was the Monte Carlo *7conducted on the ion chamber’s active volume.
isisimulation in the CTDI head phantom using198Numer|cally, the CTI_DI equation in this study can be
152DOSXYZnrc usercode. The Siemens Artis Zee 19€XPressed as follows in Eq. (2).

1533DRA machine’s x-ray tube rotates by 200 degrees »q0

1s4(from 80° to 280°), partially rotating under the _1 :

155|(ohantom. For the goupr)ce pa>r/ameter, g1/ve selecteq " ¢TPT100 = 2z 2 2 Dy(rsind,rcos6, z) - (2)
1sesource 8 (phase space source from multiple 2 .
is7direction)  with multiangle irradiation  features. 203Where CTDI1oo and D, represent CTDI in Monte
158 The angle of simulation indicated the position of the 204Carlo simulation and dose point voxel inside the air
1s0x-ray tube at the time the radiation is delivered. z0scavity, respectively. N is the irradiation field
10Due to the difference in polar coordinate between 206width, including narrow, wide, and full beams.
161the phantom geometry and DOSXYZnrc baseline, 207The simulated x-ray tube position (6) ranges
162there was a 90° shift in the angular position.2osfrom 0.1 to 360 degree in discrete steps.
163The initial position of phase space file was placed 209 The calculation position (r) represents the radius of
1esat 350° and ended at 190°. 500 million particle 2i0air cavity and z was the calculation area in
weshistories were used for each region, energy, andiimillimeters. Point position of (r.siné,r.cos6,z)

isbeam  width in the Monte Carlo simulation. ,;,corresponds to one voxel. Furthermore, the averaged
167Figures 1a and 1b summarize the rotational position ,,;dose cross section D, is given by Eq. (3).

1680f the x-ray tube and the width of the irradiation, ,

16obeam in this study. A _ 1 i ;

170 Five virtugl phantoms were created for a Des = oy 2t 2z Zires Lo Dp (Tes ST 5056, 2) - (3)
i7adiameter resembling CTDI head phantom followin . . .
172the design shown fr]w Figure 1. Tﬁe virtual phantorg ai7Here, 75 is the calculated position inside the
173was constructed using MATLAB version 2021a218ph'ar}tom in axial plane, R is the _p_hantom_r_adlu_s,
174(MathWorks, ~ Natick, Massachusetts)  with a219Dy, is the voxel dose at the specified position in
17shomogeneous PMMA with a density of 1.13 g/cm®220every air cavity, and M is the total number of Monte
176and voxel dimensions of 0.1 x 0.1 x 0.1 cm? 22:Carlo simulation. The averaged dose D in principle
177 The phantom had a diameter of 16 cm and a length of 222is equivalent to weighted CTDI.

17815 cm. An air cavity with diameter of 1 cm and length 223

1790f 13 cm was placed at each CTDI measurement 224

180point, as shown in the axial plane of the phantom (see »os CTDI measurement

181Fig. 2). The design of the air cavity was aimed to . .
1s2ensure that the Monte Carlo simulation closely 22 Direct measurement on a 3DRA machine was

1saresembled the measurement  situation in an ion 227conducted to verify the generated coefficients from

1sachamber, reducing systematic errors related to the 22¢the Monte Carlo simulation. CTDI measurements
1ssmass-energy absorption ratio of medium and air, 22oWere performed using the IAEA protocol on
1ssSubsequently, the virtual 'CTDI Phantom was 2e0Siemens Artis Zee 3DRA fluoroscopy. A Radcal

1g7converted into .egsphant format using ct-create user 23110X6-3CT ion chamber, which is 100 mm in length,
18scode. 232was used and irradiated with two nominal tube

189 233voltage of 70 kV and 109 kV. In detail, the exposure
2a2where wy and w, represent the CTDI,, coefficients.
103 and 9 o'clock air cavity. Point doses were obtained by 2s6Mathematically, the linsolve input can be written

23afactors in this study can be seen in Table 1.

235 Implementing the conventional weighted

236CTDI, CTDly was partitioned into CTDlI e and

237CT Dlyeriprery- The dose cross section is expressed

238as follows in Eq. (4).

243The solution of this linear equation was
194 calculating energy deposition inside the cavity. 247as follows.

196 The dose calculation in this simulation was

216

239

240 D_cs =w; (CTDlloo)center +w, (CTDlloo)periphery (4)
241

19 2440btained  using MATLAB linsolve library,

192 Fig 2. Transversal view of virtual phantom for center, 12, 3, 6, 2esincorporating all energy and beam width parameters.
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(CTDI100)70 kV.NB (CTD1100)70 kV,NB ——70KkV,NB

periphery (Wl) D
W2 ——109 kV,FB

periphery cs

center

(®)

248

(CTD1100)109 kV,FB (CTD1100)109 kV,FB

center
249
250
251 Table 1. Exposure factor of each measurement on 3DRA 29saffect the dose-response. The Pearson correlations

252 Artis Zee. 20sfor the energy in function of field widths of the NB,

Parameter 205 DCT Head 20sDCT Head  296WB, and FB beams showed strong correlations with

(70 kV) (109 kv) 207r = 0.99, r = 0.87, and r = 0.98, respectively.

Tube Voltage A OKY  20sThese results are agreed with the research by

Pulse Width 11.6 ms 7.3ms 299Markovich et al., which stated that the variation

Time 20s 20s 300in tube voltage (KV) is 2-5 % [14].

Frame per second 3 3 . . . S

301 Figure 3a displays an axial view of

254
255
2s6\Weighted CTDI coefficients and analysis

soznormalized CTDI dose distribution with air cavity at
sosthe center of the phantom for one full rotation.
soaThe dose distribution was evenly distributed
257 The proposed coefficient was analyzed by sosinside the phantom. Consequently, the weighting
2sscomparing the simulated CTDI with measured sosratio of CTDIgener and CTDlpheriphery N this study
250CTDI for the same exposure parameters, as well so;was 1:1. These results were consistent with the
260as With conventional CTDI,, equation. By using soscoefficient values obtained by Kim et al.
261the conventional CTDI, equation as a reference,soofor CBCT, where a Y% weighting factor was
262the percentage difference in CTDI,, was obtained sioassigned to both the middle and periphery of the
263as follows. s1phantom [12]
264 312
(crprggm—crpifyoPosed) 250 Lo
oI X 100%  (6) 3
266 200 ' '

265 A% =

267

26sRESULTS AND DISCUSSION 150 1

269 500 million Monte Carlo particle histories 100 5 ; 08
oroyield an average standard deviation of 2.99 % ‘

271in simulations, with a range of 1.83 % to 6.07 %. i e
272To validate the Monte Carlo method, a full rotation o 0.4
2730f the CBCT was simulated for all simulation
27aparameters. Before applying Eq. (5), it is necessary ,,, 50 100 150 200 250
275t0 consider dependent factors, such as variations in ,,, (a)

2zebeam width and energy. Based on the IAEA
277protocol regarding CBCT measurements using 20
2782 100 mm detector, a comparison of the CTDlyg 14
o7oratio between wide and narrow beams should 200
2s0be incorporated into the equation. In this study, ' ‘ \
2s1the comparison between Full Beam (8.6 cm) and 150 " 1
2s2Narrow  Beam (1.7 cm) vyielded an average
2saratio of 0.965 + 0.024 for 70 kV and 0.970 + 0.023 100 0
2safor 109 kV. This ratio indicates that the conventional y .
285CTDlyg equation can be used for measurements 50 e = o 04
2860f CBCT with a 100 mm ion chamber without
2s7losing  significant  dose  reading im‘ormation.315 50 100 150 200 250
288 This result were supported by previous research a6 (b)
2soconducted by Leon et al, which reported asi7

2903 9% difference between conventional CTDI 318 Fig 3. Typical dose distribution of CBCT Full Beam on

: 319  Monte Carlo simulation with air cavity in the middle of the
201collimated beam and open beam measurements 320 phantom for a) full and b) partial rotation. The partial

292[8]-_ _Moreover:_ this_ eXplainS_ that the ENergy sz, rotation represents the 3DRA irradiation scanning of
293variation used in this study did not substantially s22 200° rotating x-ray tube.
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323 An example of the dose distribution in 3DRA 3560.26 for the center and 0.74 for the periphery.
a24irradiation is shown in Figure 3b. Visually, the dose ss7As a result, the proposed CTDI,, equation for
325iS  notably concentrated at the bottom of thesssevaluation on the 3DRA machine is formulated
s2sphantom, attributed to the impact of the x-ray tube ssoas follows in Eqg. (7).

se7rotation during radiation. As CTDI weighted is a s

sesrelative  factor, the results of Monte Carlo _1 3 ,
s2esimulations and measurements with an ionization zzz CTDhy =3 (CTDlioo)center + 3 (CTD hoo)peripery (7)
ssochamber were normalized at the central position, as .

sadepicted in Table 2 and Fig. 4. Thgre was a°® The CTDI, results for ion chamber
ssconsistent trend between the simulation and ion 6¢Measurements based on these proposed coefficients
s33chamber measurement, where the value at 12 o'clock 25and the conventional equation are summarized in
saabeing the lowest and 6 o'clock being the highest2ssTable 3. Notably, the percentage differences
sssvalue. In general, Monte Carlo normalized CTDI37between the proposed and conventional CTDI,,
ssevalues were smaller than the direct measurement. 368Were within -3 %. The negative sign signifies
s37In contrast, at the 12 o'clock position, the simulated eethat the CTDI,, dose obtained from the proposed
assdose showed a higher value than the measurement. 370equation was greater than the conventional
s30This discrepancy might be attributed to the absence s7zmethod. This observed accuracy compares favorably
3s00f simulation for the patient table, which was as372with the average dose interpolation method, which
a41photon beam attenuator [17]. srareported a 6 % dose difference with the CTDI,,
342 sraconventional method for four ion chamber

343 Table 2. Ratio of CTDlyosition/CTDlcener of Monte Carlo  37smeasurement positions on the CTDI phantom using
344 simulation and ion chamber measurement for 276the same machine [7]

345 each energy and position.
346 377
Monte Carlo lon Chamber 378 Table 3. CTDI,, different between conventional and proposed
Energy i Simulation Measurement .
(keV) Position 379 equation for 3DRA.
NB WB FB NB WB FB  ag0
70 Des 089 091 088 Energy Field CTDly (MmGy) %A
Center 1 1 1 1 1 1 (keV) Width conventional proposed °
120'clock 078 078 072 055 055 054 70 NB 10.39 10.64 2.41%
3oclock 106 111 11 146 141 139 wB 9.81 10.10 -2.96 %
6oclock 131 14 137 209 211 2 FB 7.03 7.23 -2.84%
9o’clock 106 106 106 144 137 136 109 NB 10.00 10.25 250 %
109 Doy 084 086 091 wB 10.47 1073 -2.48 %
Center 1 1 1 1 1 1 FB 7.05 7.20 213%
120°clock 077 074 077 055 056 055 381
Jo'clock 098 104 111 142 158 156 54, There were limitations to this research.

6 o’clock 1.19 1.2 131 205 222 2.19

sssFirstly, simulations and measurements were
9 o’clock 0.97 1.01 111 1.4 1.53 1.52

ssaconducted only on a 3DRA machine with a
385200° rotation. As shown in Fig. 3, variation in the
i pr—— ' ‘ ' aserotation during irradiation led to different dose
I Morte Caro sgzdistributions and coefficients of the CTDI,,.
ssslnvestigating of the impact of the rotation angle of
ssothe x-ray tube on the weight coefficient is beyond
sgothe scope of this study. Secondly, this study focuses
soion theoretical Monte Carlo simulations and
so2compares only with common ion chamber
sosmeasurements.  Further  validation  through
sosexperimental methods, such as using Gafchromic
sosfilm could be undertaken to verify the average
396Cross-section dose, which cannot be done using an
center 12 3 6 9 s97ion chamber.

347

15

Normalized Dose

05}

0
348

349  Fig 4. Average dose point at center, 12, 3, 6, and 9 o’clock
350 ion chamber position for all energy and radiation width. 399

351 The dose was normalized to center position of Head 200CONCLUSION

352 CTDI phantom

353 401 In this work, Monte Carlo simulation and

354 Applying Eq. (5), the weighted CTDI 4ozlinear solver techniques were performed to provide a
ssscoefficients derived in this study were found to be 403more accurate average dose assessment for 3DRA

398
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sosirradiation. The concept of weighted CTDI was 434
aossuccessfully implemented on 3DRA by replacing the 435

sosweighting coefficients with Weeper = 1/4 and P

407Wperiphery = 3/4. The accuracy of proposed CTDlI,, .,
aosequation differs by 3 % to conventional CTDI .5
sooformula. These findings contribute valuable insights ;54
a10for estimating average doses using standard CTDl g
s11protocol measurement on 3DRA.
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