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Abstract

Purpose Endovascular aneurysm repair (EVAR) procedures are associated with high patient radiation doses. On the other
hand, dosimetric data on EVAR procedures in literature is limited. The aims of this study were to estimate radiation dose
and risk associated with typical EVAR procedures and provide normalized organ and effective dose data related to EVAR
procedures.

Methods Data from 28 consecutive patients who underwent EVAR procedures in a tertiary medical facility within an
18-month period were retrieved and analyzed for this study. Monte Carlo PCXMC 2.0.1.4 software was used for the patient
dose estimation; analysis was done with Medcalc statistical package and then Microsoft Excel was used for the cancer risks.
Results Mean Dose Area Product (DAP) for fluoroscopy was 132.96 Gy-cm? and that for digital subtraction angiography was
100.46 Gy-cm?. The study showed strong correlation between total fluoroscopy time and total cumulative dose (r=0.904,
P <0.0001). Estimated organ and effective dose conversion coefficients for EVAR procedure were 0.131 mGy/Gy-cm? and
0.114 mSv/Gy-cm? respectively. The highest cancer mortality risk was estimated as 342 per 100,000 cases for all cancers
among age group < 60 years and least mortality risk was estimated as 5.7 per 100,000 cases for ages 70 years and above.
Conclusions The study has estimated radiation dose and risk associated with typical EVAR procedures and determined
normalized organ and effective doses. The dosimetric data was comparable with other studies reported. The dose conversion
coefficient for organ and effective doses determined in this study may be used considering the procedure conditions from
the study.

Keywords Organ dose - Effective dose - Endovascular aneurysm repair - Monte carlo - Dose conversion coefficient -
Anthropomorphic phantom

1 Introduction mobile or fixed fluoroscopy c-arm machines [2—4]. There

has been growing concern regarding radiation dose mainly

Endovascular aneurysm repair (EVAR) procedures are
indicated in patients with abnormal aorta in the abdominal
or thoracic region, most commonly the abdominal region
[1]. The procedures are frequently performed in dedicated
interventional suits or surgical theatres equipped with
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due to prolonged fluoroscopy time [2—5]. Measurement of
patient dose from EVAR procedure is possible using anthro-
pomorphic phantoms and dosimeters such as thermolumi-
nescent dosimeters (TLDs) [2-6]. Moreover, Monte Carlo
(MC) codes with mathematical phantoms have been used
to estimate energy deposition in patients undergoing EVAR
procedures [4, 7-9]. Limited dosimetric information on
EVAR procedures exists in literature. Few studies estimate
entrance surface dose or peak skin dose using pre-calibrated
radio-chromic films or published dose conversion formula
for interventional procedures [3, 6, 10, 11]. However, a cou-
ple of these studies [2, 9, 12—14] report organ doses from
EVAR procedures.

@ Springer


http://orcid.org/0000-0003-2105-5492
http://crossmark.crossref.org/dialog/?doi=10.1007/s12553-024-00828-9&domain=pdf&date_stamp=2024-4-17

532

Health and Technology (2024) 14:531-538

MC methods [2, 6] as well as methods based on physi-
cal anthropomorphic phantoms and dosimeters [2, 3, 6]
are time consuming techniques. Furthermore, expertise is
needed, and materials used that are not available in all hos-
pitals. Normalized dose values comprise data independent
of exposure parameters that can be used for dose estimation.
To our knowledge, there are no normalized patient effective
dose data in literature associated with EVAR procedures.
The aims of this study were to (a) evaluate radiation dose
and risk associated with typical EVAR procedures and (b)
estimate normalized organ and effective dose data related to
EVAR procedures.

2 Materials and methods
2.1 The angiography unit

EVAR procedures included in this study were performed
with a Siemens Axiom Artis FA floor-mounted C-arm angi-
ography system (Siemens, Erlangen, Germany). During
these procedures, automatic exposure control (AEC) system
was activated. The X-ray tube has an anode angle of 12°,
an inherent filtration of 2.5 mm Al/80 kV, estimated total
filtration of 5.5 mm Al and additional copper filters ranging
from 0.1 to 0.9 mm.

2.2 Patients, projections performed and Ethics

Twenty-eight (28) consecutive patients who underwent
EVAR procedures were included in this study. The patients’
dosimetric data (includes patient height and weight, age,
field size and the projection angles) were extracted from the
digital imaging and communications in medicine (DICOM)
system for this retrospective study. Only patients with com-
plete DICOM information were included in this study. The
data collected were only for male patients because, until
the time of this study, no female patients had reported with
indication for the EVAR procedure. The fluoroscopic pro-
jections used were AP (anterior-posterior), LAO (left-ante-
rior oblique) and RAO (right-anterior oblique) with respect
to the image intensifier (II). As per the Helsinki declara-
tion on ethical procedures for patient involved investiga-
tions, due process was followed to obtain ethical clearance.
This approval was granted by the hospital ethical review
committee.

2.3 Dose estimation with monte carlo PCXMC
software

Monte Carlo PCXMC software version 2.0.1.4 [15] was
used for the patient examination simulation to calculate the
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organ and effective doses. The software uses a hermaphro-
dite mathematical phantom model [16] whose height and
weight can be adjusted to mimic that of a patient. Detailed
dose calculations were performed for all the 28 EVAR pro-
cedures. The EVAR procedure was defined for each patient
based on the DICOM images, considering the patients’ phys-
ical and exposure parameters. Simulation was performed for
2 million photons per energy level [17]. The specific kVp,
tube filtration and DAP values for each projection and the
tube anode angle were inputted for the dose calculation. The
software calculated effective dose based on ICRP 60 [18]
and ICRP 103 [19] recommendations for tissue weighting
factors. ICRP 103 recommendations on tissue weighting
factors supersedes that of ICRP 60, so only the former was
reported for this study.

2.4 Dose measurements with physical
anthropomorphic phantom

A physical RANDO anthropomorphic phantom (Alderson
Research Laboratories, New York, USA) was used for the
verification of results. The phantom represents an adult
individual who weighs 74.6 kg and has a height of 1.74 m.
This phantom is made up of 35 slices of transverse sections
numbered 0 to 34. Each section is 25 mm thick with small
holes aligned on a 30 mm X 30 mm grid to enable the inser-
tion of the TLD-100 H and TLD 200 (Harshaw, USA) chips.
To verify MC simulation results, organ doses (included the
lungs, liver, thyroid, oesophagus, heart, kidneys, large and
small intestines, bone marrow and stomach) were measured
using 91 TLD-100 H and 77 TLD 200 chips. Annealing
was done with Victoreen oven (Victoreen Inc.,Ohio, USA)
according to manufacturer’s specifications. The chips were
irradiated at 85 kV and the exposure was measured with
RadCal ionization chamber (model 3035). A Harshaw 3500
TLD reader was used to read out the irradiated chips. The
phantom’s slice-Sects. 21 to 32 were chosen to represent the
possible location of the abdominal aorta and therefore, the
most exposed location during the EVAR procedure. Con-
sequently, 112 chips were inserted in the organ locations in
the phantom and 55 chips were distributed on the surface to
sample entrance and exit skin doses.

2.4.1 Normalized dose values

Organ doses were divided with the total DAP for each patient
to provide organ-to-DAP normalized dose values. Similarly,
measured organ doses D from the projections were divided
with their corresponding DAP to produce normalized dose
values i.e., the sum of the organ doses from each projection
was divided by the sum of the DAP from the projections to
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obtain the normalized dose for each organ for each patient
using Egs. 1 and 2.

E D, organ;;
D organ; — ! Y 1
CCorgan DAP M
E= Zo’r‘g(myj Wm’g(m,v D, organ; (2)
where, DCC - is the normalized dose (dose conversion

organ i
coefficient); D,z ; 18 the dose to the organ i from projec-

tion j; and DAP is the total dose area product associated
with the procedure. £ is the effective dose and W, ; is the
tissue weighting factor for the organ i.

2.4.2 Risk estimates

Lifetime attributable risk (LAR) of solid cancer mortality
were calculated using the Biological Effects of lonizing
Radiation (BEIR VII phase 2) report [20]. Risk models for
cancer mortality have been derived by the BEIR VII com-
mittee considering the age at exposure, the cancer site and
gender. The risks models include leukemia, all solid cancers
combined, solid cancers in some organs and the remainder
organs. From the BEIR VII model, the risk of cancer mor-
tality reduces with age. The potential risk of deterministic
effects was also assessed for each patient. The organ doses
from the PCXMC, varying patent age and the BEIR VII
risk model equations for LAR were inputted into Microsoft
excel for the estimation of the patient cancer risks.

2.5 Statistical analysis

Correlation between the organ and effective doses from
Monte Carlo PCXMC simulations and TLD measurements
was determined using linear regression analysis. Linear
regression analysis was also used to examine the correlation
between normalized organ and effective doses and patients
BMI. Student’s t-test was used to compare means of simu-
lated and measured doses. Bland-Altman statistical tech-
niques was used to show the limits of agreement. Statistical
significance was inferred when P < 0.05. Data analysis was
performed using Medcalc statistical package [21] (Medcalc,
Mariakerke, Belgium, version 18.11.6).

Table 1 Comparison of DAP and FT in this study with other studies

3 Results and discussion

The mean (range) age, weight and height of patients were
70.3 years (50-83 years), 83.4 kg (55-128 kg) and 1.7 m
(1.6-1.9 m) respectively. Table 1 shows comparison of the
fluoroscopy time (FT) and DAP in this study with other
studies. The DAP values varied generally among patients in
this study, but mean values were comparable to those pre-
sented in other studies [2, 9, 11]. The range of DAP values
from this study, were comparable with those of Blaszak et
al. [9] but 3 factors higher than those of Foerth et al. [2]
and lower by a factor of 1.7 to that of Howells et al. [11].
Similarly, the mean FT of this study was comparable with
that of Foerth et al. [2] but nearly twice that of Howells et
al. [11]. Notwithstanding, the FT for this study compares
well with that of Howells et al. [11] but three folds higher
than that of Foerth et al. [2]. DAP and FT differences could
be attributed to the variation in procedure techniques, the
different equipment and AEC settings of the angiographic
unit used for the procedure, typically the complexity of the
aortic abnormality being treated and the experience of the
interventional radiologist performing the procedure.

The details of patient physical and exposure parameters
used for the MC simulations are presented in Table 2. A
strong correlation was found between the total FT and the
total DAP (»=0.886, P<0.0001) and with total cumulative
dose CD (r=0.904, P<0.0001). The regression equation,
relating the effective dose and CD was £, ¢, = 3.502+412.480
(CD ¢,) with r=0.98 and P<0.001. Organ and effective
doses depend on factors such as radiation field size, ana-
tomical region, exposure parameters and exposure duration,
number of angiographic acquisitions, and body mass index
(BMI) of the patient [6]. For these reasons, considering the
exposure factors alone in patient dose analysis for EVAR is
misleading without taking into consideration the abnormal-
ity of the aorta which was treated. For an ideal procedure
where, uniform angular distributions are simulated, the real
effects of procedural parameters might be compromised
mainly in the case of the organ dose estimates.

Table 3 shows the organ and effective doses obtained
from simulations of patients’ EVAR procedures. Organ
doses are strongly dependent on the anatomical region,
examination projection, radiation beam quality and the
radiation field size. A couple of other studies [2, 9, 12—-14]

Reference No. of Patients DAP (Gy-cm?) FT (mins)
Mean Range Mean Range
This study 28 (males) 2334 41.4-1915.7 324 13.4-148.7
Blaszak et al. (2014) [9] 266 (males) 271.0 37.0-1760.0
31 (females) 276.0 64.0-625.0
Foerth et al. (2015) [2] 17 (15 males, 2 females) 249.5 52.0-599.0 26.3 14.244.6
Howells et al. (2012) [11] 630 (563 males, 67 females) 109.4-3343.4 18.0 2.0-161.0
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have estimated the organ and effective doses in EVAR in the
literature, have reported detailed information (presented in
Table 3) on organ and effective doses to patients who under-
went EVAR procedures of varying complexities. It could be
seen that there are variations in the organ and effective doses
reported in this study compared with those reported in the
other studies in Table 3. Blaszak et al. [9] dose calculations
were based on dose conversion coefficients obtained from
voxel phantom models [22].

The phantom models used in Monte Carlo PCXMC soft-
ware version 2, have some modifications in comparison with
those of Monte Carlo PCXMC versions 1.2—-1.5. Elemental
composition and density of tissues have been changed and
modified in PCXMC version 2. The differences, highlighted
in the different versions of the software might account to
some extent the differences in the dose results for some irra-
diation conditions in PCXMC 2 compared with PCXMC 1.5
[23]. Therefore, the differences in the results of the organ
and effective doses from this study (Monte Carlo PCXMC
2.0.1.4) and those of Foerth et al. [2] (Monte Carlo PCXMC
1.5.1) as in Table 3 are to be expected.

The highest mean and median organ doses were recorded
in the kidneys, 225.7 mGy and 164.9 mGy respectively. The

median dose values in this study were mostly lower than
those reported by Foerth et al. [2] by an average factor of 2.2,
however, the range of dose values shows a wide variation.
Mean doses to some organs in this study were mostly lower
by an average factor of 2.2 (for men) and 2.0 (for women),
but in some cases higher compared to the study of Blaszak
et al. [9]. The differences in organ doses might be attributed
to technique differences from one interventional radiology
suit to the other, the complexity of the aortic abnormality
being treated, the operators experience and the differences
in the fluoroscopic equipment used. In addition, the differ-
ences in the phantom models used for the patient dose simu-
lation could be contributory factors to these differences.

Some studies [2, 22, 24] have compared TLD and MC
simulated dose results and the deviation between the two
methods is observed to be within 10% for one of the studies
[24] which was for pediatric dental procedures. The devia-
tions in the case of EVAR procedures were observed to be
about 20% for this study. The deviation in this study might
be comparable with that of other studies [2, 22] in the lit-
erature for EVAR procedures although the calculation was
not done.

Table 3 Organ and effective doses for the 28 patients in this study and two other studies reported in literature

Monte Carlo PCXMC 2.0.1.4

Monte Carlo PCXMC 1.5.1 Cal DOSE X

This study, 2019

Foerth et al., 2015 [2] Blaszak et al., 2014

(Men) (Men, Women) [9]
Mean
Mean Median Range Median Range Men Women

Organ doses (mGy) Bone marrow 69.7 41.9 13.8-557.2 68.8 18.2-134.0 41.0 39.9

Adrenals 58.2 55.7 3.1-132.7 62.0 19.1-285.0 234 28.2

Colon 323 18.6 5.6-232.3 59.1 14.6-106.0 180.0 142

Heart 3.0 23 0.4-8.2 5.0 1.5-13.8 4.7 6

Kidneys 225.7 164.9 48.1-979.5 289.0 65.8-626.0 384 31.9

Liver 16.6 13.3 3.1-58.3 23.0 9.6-56.5 114.0 89.4

Lungs 3.1 2.4 0.4-9.4 6.3 1.3-19.5 3.7 4.6

Oesophagus 6.2 53 0.7-16.1 2.9 0.7-8.8 4.2 5

Pancreas 337 28.2 5.2-107.1 51.4 12.5-145.0 162.0 97

Prostate 4.8 1.6 0.4-50.0 40.1 7.6-75.7 27.4

Skeleton 58.2 37.7 13.5-425.5 4.1 0.7-14.5 41.6 43.8

Skin 23.2 13.8 5.4-163.4 24.9 7.1-44.2 537.0 380

Spleen 32.6 24.2 5.0-109.1 57.3 21.1-156.0 68.4 64.3

Stomach 19.7 14.8 3.6-79.2 39.1 11.9-75.3 177.0 118

Bladder 10.4 4.1 1.1-103.8 18.0 3.1-37.0 79.0 89

Thyroid 0.0 0.0 0.0-0.1 0.1 0.0-0.3

Thymus 0.4 0.3 0.0-1.1 1.0 0.2-3.2

Breasts 0.5 0.4 0.1-1.5 1.1 0.2-3.6 5.9

Muscle 22.6 14.8 5.7-157.7

Gall bladder 442 334 11.4-225.2 299.0 183

Lymph nodes 28.4 19.3 7.0-178.8 72.0 68.5

Small intestine 65.3 394 13.4-506.4 174.0 134

Testes/ Ovaries 0.7 0.2 0.1-6.7 7.7 80
Avg. whole-body dose (mSv) 28.1 18.5 7.1-195.8 41.4 11.8-68.7 63.0 55
Ecrpioz (mSV) 24.0 15.3 6.3-159.2 35.1 11.3-65.4
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Table 4 Dose conversion coefficients from Monte Carlo PCXMC
simulations

Patient DCCy, (mSv/Gy-cm?) DCC,, (mSv/Gy-cm?)
VX 0.825 0.701
GC 1.051 0.648
KM 0.748 0.479
VI 0.662 0.604
FN 0.250 1.096
KE 0.506 0.820
SN 0.251 1.267
TA 0.779 1.033
AG 0.456 0.705
Z1 0.753 0.782
VS 0.439 0.995
ZK 0.412 0.892
BT 0.657 0.777
FM 0.765 0.700
PI 0.571 0.571
SA 0.182 4.034
ME 0.605 0.708
KK 0.764 0.744
NA 0.437 0.322
LG 1.029 0.671
KN 0.931 0.656
MM 0.657 0.755
MN 0.197 0.584
TS 0.374 0.698
Mean 0.638 0.737
Range 0.182-1.051 0.322-4.034

DCCy: effective dose conversion coefficient

DCC: organ dose conversion coefficient

Normalized dose values, also referred to as dose con-
version coefficients (DCC) [25, 26] in some publications,
have been determined in this study. DCC to convert from
DAP to organ and effective doses were calculated with the
Monte Carlo program and presented in Table 4. The aver-
age conversion coefficient for organ dose was determined
to be 0.13 mGy/Gy-cm? and that for effective dose was
0.11 mSv/Gy-cm?. Operators can use this data, which are
technique- and instrumentation-independent values, to cal-
culate organ and effective dose by multiplying total DAP of
the procedure with a single conversion coefficient. A list of
DCCs [25, 27] associated with interventional procedures can
be found in literature, however, there has not been published
DCC associated with EVAR procedures as presented in this
study. Schultz et al. [25], demonstrated the importance of
using procedure specific DCC, considering the conditions

Table 5 LAR of cancer mortality due to EVAR procedure

(i.e. tube voltage, filtration, beam projection, field size, FSD
etc.) associated with its establishment. Therefore, this study
has published the detailed conditions relating to the estab-
lishment of the DCC associated with EVAR procedure.

DCCs are used in medical physics to estimate the radia-
tion dose received by various organs and tissues during
radiological procedures. While DCCs can provide valuable
information, they have limitations arising from standard-
ization and variability, patient-specific factors, procedure
variability, limited tissue differentiation, dynamic nature
of the scan procedures, limited validation and incomplete
representation. The dose conversion coefficients (DCC and
DCCy) play a crucial role in estimating the effective dose in
the field of radiation protection. The DCCp, provides a mea-
sure of the overall risk of harm from exposure to ionizing
radiation, considering the different sensitivities of various
tissues and organs in the human body. The significance of
the dose conversion coefficient for the effective dose lies in
key aspects such as Radiation Risk Assessment, comparison
of radiation doses received in different situations or from
various radiation sources, Optimization of Medical Proce-
dures, guiding the development of radiation protection strat-
egies, and as a valuable metric for communicating radiation
risks to patients.

Estimated cancer mortality risks are shown for different
age groupings in Table 5. The highest cancer mortality was
342 per 100,000 cases (about 1:330) for all cancers among
age group <60 years. The least mortality rate was associ-
ated with cancer of the liver, 5.6 per 100,000 cases (around
1:20,000) for 70 years and above. This is largely due to the
age group of the patients included in this study. Usually, for
that age group of patients, deterministic injuries are of more
concern [9] because the cancer mortality risk coefficients
decrease with increasing age.

Other studies [9, 28] have estimated the radiogenic
effects due to EVAR. One study [9], reported that, cancer
mortality risks were about 40% lower than the cancer inci-
dence risks. The highest mean cancer incidence risk was
1:275 for the youngest group of patients (< 60 years) in that
study. There were younger patients in their study and that
could be a part of the reason for the percentage difference
between the incidence and mortality risks. In another study
[28], the estimated risk associated with EVAR patients was
evaluated using the cumulative dose data of CT and inter-
ventional procedures. They reported that, the mean risk of
exposure induced death was 1:130 persons.

Age (years) Cancer site (Males)

All cancers  All solid cancers

Lung

LAR per 100,000 >50t0 <60 342.0 271.0
cases >60to <70 285.0 213.5
>70 192.7 132.6

Leukemia Colon Bladder Liver Stomach Other cancers
98.8 718 53.8 17.0 13.1 123 69.3
81.8 704 422 16.1 9.8 9.5 46.1
540 585 27.1 12.1 5.6 5.7 25.0
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4 Conclusion

This study has estimated the radiation dose and risk asso-
ciated with typical EVAR procedures and determined nor-
malized organ and effective dose data related to EVAR
procedures. Though the patient cohort were males, the dosi-
metric data was comparable with other studies that reported
both genders. The DCC for organ and effective doses deter-
mined in this study may be used considering the procedure
conditions from the study. Due to the high radiation doses
associated with EVAR procedures, necessary precautions
are needed to ensure that the ALARA principle is adhered
to always.
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