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Abstract

This study was conducted on a human anthropomorphic phantom to investigate the effective
dose and entrance skin dose in selected radiosensitive organs through invasive and CT
coronary angiography procedures using different dose-saving techniques. The effective dose
was calculated as 2.49 mSy, 3.35 mSy, and 9.62 mSv respectively, corresponding to three
coronary CT angiography protocols including, prospective ECG-gating, retrospective ECG-
gating with and without tube current modulation. In comparison, effective dose was
calculated as 7.26 mSv, 6.35 mSv, 5.58 mSv, and 4.71 mSv at four different magnifications
acquired with invasive coronary angiography. The highest entrance skin dose was measured
at the breast during the coronary CT angiography and at the thyroid gland during invasive
coronary angiography. Although invasive coronary angiography produces lower radiation
dose than coronary CT angiography, application of modified techniques in both CT and
invasive coronary angiography is recommended in clinical practice for radiation dose

reduction.
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Introduction

Invasive angiography is regarded as the gold standard technique for diagnostic and
therapeutic purposes with regard to vascular diseases 2. Since the emergence of the
multislice CT, especially the extensive applications of CT angiography technique, invasive
angiography examinations have been replaced by this less-invasive procedure with the aim of
reducing procedure-related complications. Nowadays, the multislice CT angiography has
become a reliable alternative to conventional angiography in many vascular applications due
to its rapid technological developments, which lead to fast scanning and data acquisition with
high spatial and temporal resolutions. In the United States, the numbers of CT examinations
are estimated to increase gradually over the next ten years since many new applications are
being developed for CT procedures to improve the diagnostic accuracy ©®. In most clinical
centers, multislice CT angiography is being increasingly used to replace conventional

angiography as an alternative method in vascular imaging.

One of the main applications of multislice CT angiography is coronary CT angiography, with
the diagnostic value having been significantly improved with rapid technical developments
from the earlier generation of the 4-slice to the latest model 320-slice CT *®. Despite the
high diagnostic value of coronary CT angiography, the radiation dose associated with
coronary CT angiography has raised serious concerns in the medical field. In response to this
concern, various dose-saving techniques have been introduced to reduce or minimize the
radiation dose while acquiring diagnostic quality images. Parameters such as reduced tube
voltage, prospective ECG-gating, and tube current modulations including, ECG-controlled
and attenuation-dependent modulation have been reported to result in a significant dose
reduction in cardiac CT ®®. As invasive coronary angiography is still regarded as the gold

standard technique in diagnosing coronary artery disease, this procedure is retained with the



latest developments in dose-reducing strategies, for instance, spectral shaping filter, pulsed
fluoroscopy in cardiac angiography, flat panel detector, continuous half exposure, and the air

gap technique in order to increase the accuracy and reduce radiation dose ®.

During coronary CT or invasive angiography examinations, it is not unusual for some organs
to receive unnecessary exposure to radiation, which leads to the dose level exceeding the
acceptable limits. Many radiosensitive organs are at a potential risk of being overexposed
since they are located within the radiation exposure coverage, especially the breast tissue and
the thyroid gland. It has been shown that the risk of lung or breast cancer development may
correlate with radiation exposure from the chest CT scan ©'%. Therefore, those organs need
to be protected and monitored as there is a direct correlation between development of thyroid
cancer and radiation exposure. Although many studies suggest that protective shielding
results in a significant reduction of radiation dose ¥, it is not feasible to protect all of those
organs as it may compromise image quality. It seems impractical to block those organs with
designated shielding, which may obscure the regions of interest simultaneously. However,
only certain organs are easily protected such as the thyroid gland, eyes (the lens), and the
gonad but again, this depends on the type and purpose of the examination. Optimization of
the technical parameters is another effective way to protect the radiosensitive organs by
reducing radiation dose during CT examinations. The aim of the study was to compare the
effective dose estimation (E) and entrance skin dose (ESD) of the selected radiosensitive
organs through coronary CT angiography and invasive angiography performed with different

protocol settings.
Material and methods

Coronary angiography equipments



This study was performed on an anthropomorphic thorax phantom to simulate an average-
sized male adult with a height of 175 cm and a weight of 74 kg (Pixy, USA) with the use of a
64-slice CT scanner (Brilliance 64, Philips Healthcare, USA) and the Allura Xper FD20 with
flat panel detector C-arm (Philips Medical, USA). Three coronary CT angiography protocols
were set up for radiation-dose comparisons (E and ESD) including, standard retrospective
gating without tube current modulation (routine protocol), retrospective ECG-gating with
ECG-controlled tube current modulation (TCM), and prospective axial gating technique
(dose-saving protocols). On the other hand, invasive coronary angiography procedure was
performed in a series of 11 projections with four different protocols indicated by different

magnifications of the flat panel detector of 1.6, 1.8, 2.2, and 2.5 magnification factors.

The ESD was measured using thermoluminescence dosemeter (TLD) rods and the E was
determined by calculation from dose length product (DLP) and kerma air product (KAP).
Both doses were recorded during the procedures and compared for both, CT and invasive

angiography.

Coronary CT angiography protocols

Since the coronary scan is needed to be triggered by the heart rate, the electrocardiogram
leads were attached to a volunteer outside the scanning room for the heart rate readings prior
to the scans. No contrast medium was used in this study. Therefore, no image quality
assessment was observed throughout the procedures. The coronary CT angiography was
performed with a detector collimation of 64 x 0.625 mm, slice thicknesses of 0.8 mm, field of
view ranging from 150 mm to 174 mm, tube voltages of 120 kV, and adjustable tube current
in the range of 300-500 mA. All the scan protocols were based on the same scout image and
using the same volume of coverage in order to obtain the consistency of the study pattern.

Specific protocols are detailed in Table 1. The protocols were selected and modified



according to those applied in the department’s routine practice. In addition, it was chosen
based on previous studies which were recommended to produce a significant dose reduction

(5,12)

as a dose-saving strategy in CT coronary angiography The DLP from each protocol

scanned was recorded.

Invasive coronary angiography procedures

Each invasive angiography protocol consisted of 11 projections including left anterior
obligue (LAO) 15°/15° caudal, LAO 30°, LAO 30°/30° caudal, LAO 40°/60° caudal, left
lateral 90°, anterior-posterior (AP) 30° caudal, AP 20° cranial, AP 40° cranial, right anterior
obligue (RAO) 30°/30° cranial, RAO 35°, and RAO 40°/30° caudal. In addition, the dose
area product (DAP) reading from each projection was recorded once it was complete. Each
projection was obtained at 100-110 cm of source-to-image distance and at approximately 80
frames of dynamic acquisition. Those projections were suggested in order to cover the entire
coronary anatomy during the invasive coronary angiography procedure. The sideways
collimation was applied accordingly as in clinical practice to minimize the radiation dose.
The exposure filter was selected with 0.10 mmCu/1.00 mmAl and 0.9 mmCu/1.00 mmAl for
fluoroscopy filtration from the angiographic system and automatic exposure control was

applied. Specific protocols are recorded in Table 2.

Radiation dose measurements

ESD was measured by placing the TLD rods securely above the radiosensitive organs on the
phantom skin surface. It was paramount to identify the highest point of radiation dose
received by organs from the overall dose distribution which includes exposure from either the
primary beam or the secondary radiation beams, depending on the location of these organs
during coronary CT and invasive angiography procedures. The ESD was then recorded in

milligray (mGy) after undergoing a series of procedures including annealing, calibration,



radiation dose exposure, and read-out process. The annealing and dose read-out was
performed with a Harshaw-5500 reader (Thermo Electron Corp., USA) while calibration was
performed with general x-ray machine (Shimadzu, Japan). TLDs calibration was designed to
create a graph pattern for radiation dose conversion from nanoculomb (nC) to miligray
(mGy) by exposing it to a known dose, which was measured with a digital radiation survey
meter (model 660) having an ion-chamber model 660-3 beam measurement probe and a
readout/logic unit (model 660-1). These TLDs were interpreted 24 hours after the exposure.

The TLD used in this study was micro-rod shaped and sealed in numbered, cylindrical tubing.

A total of eighteen TLDs were securely taped on the phantom skin surface over the
radiosensitive organs for each protocol whereas; three were placed on the bilateral thyroid,
breast, and gonad organs in order to measure the dose distribution during the procedures.
Four invasive angiography protocols were designed with different flat panel detector
magnifications ranging from 19 cm to 31 cm indicating between 1.6 and 2.5 magnification
factors. Similar to the coronary CT angiography procedure, 18 different TLDs were used and
placed at exactly the same locations in each protocol magnification for dose comparison. The

TLD readings of a specific organ were averaged to calculate the dose for this organ.

The E was obtained by straightforward calculation based on a formula. The formula required
DLP from CT scans and dose area product (DAP) from invasive angiography. DAP is a
quantity known to many interventionalists and it is numerically equal to the KAP which KAP
is the quantity recommended by the International Commission on Radiation Units (ICRU) to
measure patient doses in interventional radiology *¥. Both the DAP and the DLP were then
multiplied with dose conversion co-efficient factor (DCC) distinctively. The DCC factor was
derived from the parts anatomically-specific to the region of the body being scanned in CT
while DCC for invasive angiography was derived from a study which met the specific
exposure conditions in the coronary angiography procedure ‘. A conversion factor of 0.017
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mSv-mGy-cm™ was used for the calculation of the E in the chest region ® in coronary CT
angiography and 0.2 mSv-Gy’-cm? was used to calculate the E in invasive coronary

angiography 419,

Statistical analysis

All data were entered into SPSS V17.0 (SPSS, version 17.0 for Windows, Chicago, Illinois,
USA) for statistical analysis. A p-value of <0.05 was considered to indicate statistically
significant differences. All of the doses from each protocol were presented in box plots. One-
way analysis of variance (ANOVA) and repeated measures ANOVA were used in ESDs
analysis to determine the existing difference in mean ESD of radiosensitive organs (thyroid,
breast and gonad) in both CT and invasive coronary angiography of all protocols. With
regard to the effective dose, the ANOVA test was performed to determine the significant
difference of mean values between the protocols. Moreover, a Duncan multiple range test
was used to facilitate statistical comparisons among the mean values in invasive coronary

projections.
Results
Coronary CT angiography

There were no significant differences in ESD measurements between the radiosensitive
organs as tested with one-way ANOVA (p=0.32). However, with use of repeated measures
ANOVA, the ESD measured in thyroid, breast and gonad differed significantly within all
three protocols (standard retrospective ECG gating, retrospective ECG gating with tube
current modulation and prospective ECG gating) (p<0.05). ESD was found to be the highest
at the breast compared to other organs with a mean value of 79.2 + 1.1 mGy acquired with

standard retrospective gating (protocol 1), 34.7 £ 1.9 mGy with prospective ECG-gating



technique (protocol 2), and 38.6 + 0.1 mGy with retrospective with tube current modulation
(protocol 3) (Figure 1). The dose received by the breast was six times greater than that by the

thyroid during the procedure.

The DLP was recorded individually for dose comparison among the three protocols with the
inclusion of effective dose estimation. Statistically significant differences were found
between the mean E values among different protocols (p<0.001). The mean E demonstrated
that the standard retrospective gating protocol (protocol 1) resulted in the highest dose of 9.6
+ 0.1 mSyv, followed by retrospective gating with tube current modulation (protocol 3) (3.3 £

0.5 mSv), and prospective gating (protocol 2) (2.5 = 0.8 mSv).

Invasive coronary angiography

Entrance skin dose was measured and recorded for all three radiosensitive organs (the
thyroid, the gonads, and the breast) in all four protocols (1.6, 1.8, 2.2, and 2.5 magnification
factor). Overall, there was no significant difference in ESD between radiosensitive organs
(thyroid, breast and gonad) as tested with one-way ANOVA at p=0.26. However, on further
examination with the repeated measures ANOVA, there was significant difference in ESD
within the protocols. In other words, the changes in dose received by organ is significant
when the magnification increased or decreased with p<0.05. Therefore, thyroid gland returns
with higher scores than breast and gonad in all protocols with resultant 3.2 £ 0.7 mGy, 2.0 +
0.4 mGy, 1.6 £ 0.2 mGy, and 1.4 £ 0.3 mGy corresponding to 1.6 (protocol 1), 1.8 (protocol

2), 2.2 (protocol 3), and 2.5 flat panel detector magnifications (protocol 4). .

Different magnifications of flat panel detector indicated dose variations among all 11
projections during invasive coronary angiography. The DAP was recorded to determine the
radiation dose production in each projection (Table 3). The results showed that the LAO 60°

with caudal 40° (spider view) projection produced the highest dose which is about 2.3 times



higher than the average dose of overall projections, which is statistically significant as tested
with Duncan’s multiple comparisons. The effective dose estimation was calculated then from
the DAP of total projections at the end of each examination to compare the protocols. The
mean E differed significantly across all magnification settings with ANOVA test at p < 0.05.
Results showed the highest mean E estimation was 7.2 = 0.05 mSv calculated at 1.6 FD
magnifications (protocol 1). The effective dose was reduced significantly with 6.4 + 0.05
mSy, 5.6 £ 0.01mSv, and 4.7 £ 0.07 mSv (p<0.05) being achieved and corresponding to the

smaller magnifications of 1.8 (protocol 2), 2.2 (protocol 3), and 2.5 (protocol 4), respectively.

Discussion

This study demonstrates four important findings of radiation dose reduction in coronary
angiography using CT angiography and the invasive approach. Firstly, coronary CT
angiography results in an effective dose that is about 2.5 times higher than that of invasive
angiography. Secondly, dose-saving protocols in coronary CT angiography (prospective
gating and attenuation dependent tube current modulation) help to reduce the effective dose
significantly up to 70% when compared with a standard retrospective gating. Thirdly,
effective dose arising from invasive angiography is decreased up to 13% with an increase in
magnifications. Finally, invasive angiography leads to a significant reduction in entrance
skin dose up to 95% compared to CT coronary angiography at three radiosensitive organs

(the thyroid, the breast, and the gonads).

Many studies have reported that the prospective ECG-gating reduces effective dose
significantly between 60% and 90% when compared with retrospective ECG-gating *"*9.
The prospective gating uses a step-and-shoot technique with the radiation beam turned on

only at selected cardiac phase, and turned off for the remaining cardiac cycle to keep the dose
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to a minimum. This is confirmed in our results as the prospective ECG-gating reduces the
effective dose by up to 70% compared with retrospective gating.

Radiation dose in CT can be reduced significantly by applying the approach of tube current
modulation. Either ECG-controlled or anatomical-dependent tube current modulation results
in effective dose reduction significantly between 22% and 52% compared to retrospective

(1920) " |n ECG-controlled modulation, the tube current

ECG-gating without any modifications
is reduced to the level between 46% and 80% from its maximum at diastole (60-80% of R-R
interval) “®. Our findings are consistent with these reports as the results demonstrate a
significant reduction of about 65% in effective dose with ECG-controlled tube current
modulation when compared with the corresponding retrospective gating.

The entrance skin dose received by each organ varies differently in coronary CT and invasive
coronary angiography. This is because of the distance between the x-ray tube and the
response organ during the exposure and their locations. For example, in CT coronary
angiography, the cardiac phantom was positioned at the center of the x-ray tube so that the
breast would receive the maximum dose from the primary radiation beam. However, the
thyroid and the gonad only received scattered radiation since they were anatomically situated
away from the breast. This was verified by the TLD measurement in our study. In invasive
angiography, the situation was slightly different. The measured thyroid gland dose was the
highest compared to that from the breast and the gonad. The caudal tube angulation brings
the x-ray tube closer to the thyroid gland and results in increased radiation dose as stated in
the inverse square law.?Y) Moreover, the repetition of caudal tube angulation performed in

this study (6 out of 11) explained the fact that the thyroid gland received higher radiation

dose than other organs.

Although radiation dose values in both, CT and invasive angiography, such as DAP, air

kerma, DLP, and the CT dose index could not be compared directly due to different
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measurement units, the estimations of effective dose is still measureable and comparable in
those angiographic systems. Effective dose represents a general dose quantification of the
biological risk in medical exposure where it is not a quantity that can be measured
independently. It can only be derived by computation from a model or simulation that has

estimated the dose for individual tissues ?2.

Our study estimates the effective dose in all
protocols of CT and invasive angiography for comparison. It is essential to provide
information and create awareness about radiation dose in angiography among patients,

Radiologists, imaging technologists, and the public.

Our study investigates 11 common projections in invasive coronary angiography to cover all
the cardiac vessels. The left anterior oblique/caudal (spider view) is shown with 3 times
higher dose production compared to other projections. This was reported as being similar to
a previous study by Kuon et al,®? where the dose was increased up to 2.6 times and 3.7 times
higher when the angulation was continuously raised from right to left anterior oblique and
cranial to caudal tube angulation, respectively. However, the dose was reported to be
decreased significantly with every 10° decrement in tube angulations. Since this view is
important to optimize the visualization of the left circumflex artery with obtuse marginal, left
main artery, bifurcation of left anterior descending and the diagonal artery, therefore, there is
no other option but to reduce the dose by eliminating this projection other than limiting the
angulation and regulating the time duration of the exposure wisely.

The entrance skin dose was taken into consideration in this study since it predicted the
possibility of getting deterministic skin injuries ranging from skin erythema, moist
desquamation, epilation, laceration, to necrosis if the skin was exposed beyond the threshold

dose at 2 Gy @,

Deterministic injuries to the skin are associated with overexposure
regardless of high radiation exposure setting or increased length of exposure. Therefore, 45

Gy-cm® was proposed as the diagnostic reference level for coronary angiography by the
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European Commission DUMOND 111 project in 2003 in order to prevent the interventionalist
from going beyond that dose threshold @Y. However, even though the skin received a
radiation dose below the dose threshold, it was still at the risk of developing radiation-
induced cancer from the stochastic effects.

Our study has its limitations. Although the protocols were developed from previous reports
in the literature on CT dose-saving strategies, it is still difficult to measure the accuracy on
the protocol guideline since the image quality assessment has not been taken into account.
However, this study only used an anthropomorphic phantom to simulate the radiation dose
quantification on a standardized patient. No contrast medium was used in any of the
angiography protocols. Therefore, there is no way of comparing and assessing image quality,
since no contrast enhancement in the coronary arteries could be visualized. Thus, further
studies are necessary to verify the accuracy of our results through the administration of a
contrast medium and qualitative and quantitative assessment of image quality.

In conclusion, this study shows that invasive angiography produces significantly lower
radiation dose than coronary CT angiography, which is demonstrated by effective dose and
entrance skin dose. Modification techniques in coronary CT (dose-saving protocols) and
invasive angiography (multi-size magnification) are recommended in daily clinical practice

since they produce further dose reduction.
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Figure legends

Figure 1. Box plot shows the mean ESD of 3 radiosensitive organs (the thyroid, breast, and
gonad) in CT coronary angiography. It shows that the breast received the highest dose
distribution compared to the thyroid and gonad in prospective gating, retrospective gating
with and without tube current modulation. The boxes indicate the first to third quartiles, and
each midline indicates the median (second quartile) and the whiskers represent the maximum

and minimum values of ESD.
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Figure 2. Distribution of mean ESD measured at 3 radiosensitive organs (the thyroid, breast,
and gonad) in invasive coronary angiography with the use of different magnification factors
displayed by the box plot. Apparently, the thyroid gland received the highest radiation dose

compared to breast and gonad in all 4 protocols. However, it still remains below 3 mGy
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which meets the reference dose limit set by European Commission DUMOND 11 project
(2003). The boxes indicate the first to third quartiles, and each midline indicates the median

(second quartile) and the whiskers represent the maximum and minimum values of ESD.
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