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Abstract

Interventional radiology is based on minimally invasive procedures that allow diagnosis and percutaneous treatment of
diseases in almost all organ systems. Such procedures have many benefits, but they also contribute significantly to
collective radiation dose. In this regard, effective dose (E) is a convenient quantity to estimate patients’ stochastic radiation
risk. However, E cannot be accurately evaluated immediately. In the present study, we aimed to estimate the E value in 15
selected interventional procedures. The estimation was based on dose area product (DAP) measurements and used case-
specific conversion coefficients. The E values ranged from 3.3 to 69.9 mSv, depending on the kind of procedure. This wide
range was mainly due to the broad variation in DAP values, which in turn depend on the details of how the procedures are
performed. This suggests that to ensure valid comparative studies and universal reference levels, all interventional pro-

cedures should be well classified.
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1 Introduction

Interventional radiology is based on minimally invasive
procedures that allow diagnosis and percutaneous treat-
ment of diseases in almost all organ systems. Recently, it
has been used with growing frequency, and increasingly
complicated radiological procedures are becoming techni-
cally possible. These techniques bring immense benefits to
patients, but they also represent a significant proportion of
patients’ collective radiation doses from all medical
exposures. In this regard, to minimize public radiation
exposure, the ALARA principle (as low as reasonably
achievable) is commonly applied [1-5].
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However, when complex procedures are performed or
repeated on the same patient, high-radiation dose levels can
occur owing to long fluoroscopy times or requirements for
high-quality images. For this reason, the evaluation of
X-ray doses in patients undergoing interventional radiology
is gaining interest. Moreover, the Euratom European
Council Directive (2013/59) [6] emphasizes that medical
exposure must be justified, suggests that doses connected to
medical procedures be recorded, and advocates the use of
diagnostic reference levels and dose-indicating devices.

Effective dose (E) is an estimation of health risk due to
the stochastic effects of radiation exposure. However, E is
usually difficult to determine accurately. Indeed, the new
Recommendations of the International Commission on
Radiological Protection (ICRP) [7] set severe limitations
on the use of E for assessing patients’ radiation exposure.
Conversely, interventional procedures deliver higher doses
than standard radiological examinations. Therefore, a rel-
atively simple parameter that measures risk of patients
would be extremely useful. In this context, £ could be
considered a good candidate for comparing risk between
different types of procedures, technologies, irradiation
geometries, and radiation qualities.

Different approaches to the determination of E have
been proposed in the literature. Some authors [8—11] have
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used case-specific conversion coefficients to derive E from
directly measurable parameters such as the dose area pro-
duct (DAP) or entrance surface dose. Others have used
commercial software or dosimeters to estimate absorbed
doses in critical organs exposed to X-ray beams and then
estimated E by applying the tissue-weighting factors pub-
lished by ICRP 103 [7, 12—15]. The aim of this work was to
estimate E in several interventional procedures. The esti-
mation was based on DAP data and used conversion
coefficients published in the literature [16] and properly
adapted to fit the procedures under investigation.

2 Materials and methods

The interventional radiological procedures were performed
at the Tor Vergata University Hospital using two Philips
AlluraXperFD20/20® biplane systems (Philips Healthcare,
Best, The Netherlands). Both systems were equipped with
continuous and pulsed fluoroscopy (1-15 frames per sec-
ond[fps]) and variable frame-digital subtraction angiogra-
phy (1 or 2 fps).Two external filtration settings were
available, namely 0.4 mm of copper or 0.1 mm of copper
with an additional millimeter of aluminum. The half-value
layer of each tube was 5.07 and 5.21 mm of aluminum at
80 kVp for 0.1 mm Cu + 1 mm Al additional filtration
setting, and 7.37 and 7.31 mm of aluminum at 80 kVp for
0.4 mm Cu + 1 mm Al additional filtration setting.

The source-to-image receptor distance ranged from 90 to
120 cm. Tube voltage and current settings were controlled by
an automatic exposure control (AEC).Both angiographic
systems were installed with a DAP meter consisting of a
transmission ionization chamber. These were -calibrated
according to protocols available in the literature [17-22] that
consider both beam quality and patient-table attenuation.
Calibrations were performed using a reference dosimeter
(solid-state detector; UNFORS XI, RaySafe™, Billdal,
Sweden) for dose measurements and reflective-type XR-RV3
Gafchromic® films (International Specialty Products, Wayne,
USA) for field-size measurements, respectively. The calibra-
tion procedure was performed for the two filtration condi-
tions, as was the attenuation effect due to the patient table.
Two calibration curves (with and without patient-table atten-
uation) were produced for each system and for tube voltages
ranging from 60 to 120 kVp. To create the calibration curve
with patient-table attenuation, the reference dosimeter was
placed on the top of the mattress and patient table, with the
X-ray tube under the couch. To construct the calibration curve
without patient-table attenuation, the dosimeter was placed in
the air, with the X-ray tube parallel to the floor. To measure
the field size, films were cut in pieces of 15x15 cm, with the
white side facing the source. Three pieces were considered
and individually positioned in place of the reference

dosimeter and exposed to the primary X-ray beam with
negligible backscatter. To do this, they were placed on a
10-cm-thick polystyrene support at 100 cm from the focal
spot. We used 80kVp, 10 mAs, no filtration, and a nominal
field size of 10 x 10 cm. The impressed area was then
measured using a scanner (EPSON Expression 10000 XL)
2 days later. The scan parameters used were reflective mode,
no color corrections, and resolution of 72 dpi. The Picodose X
8.0 PRO software (Tecnologie Avanzate, Torino, Italy) was
used to extract default grayscale profiles on the central axis.
From these profiles, we calculated the field dimension as the
distance between the points corresponding to gray value of
50% relative to that on central axis, using Microsoft Office
Excel 2007. Dose measurements were multiplied by the field
size to obtain the DAP measured (DAP,,,s). Finally, we
obtained DAP calibration factors by dividing DAP,.,s by
DAP reading from the DAP meter installed (DAP,om). The
DAP readings in the procedures under investigation were then
corrected using the calibration factors determined.

The procedures under investigation were as follows:
cerebral artery angiography, hepatic chemoembolization,
percutaneous disc decompression, embolization of cerebral
artery aneurysm, abdominal aortic endoprosthesis, facet
joint injections, periradicular infiltration, nephrostomy,
biliary drainage, limb salvage, varicocele embolization,
carotid artery stenting, facet medial branch neurolysis,
vertebroplasty, and ischemic stroke.

This randomized prospective study was approved by the
ethical committee of our institute. Before enrollment, each
patient provided formal informed consent. The study lasted
1 year, and 150 patients were enrolled, 10 for each pro-
cedure. At the end of each intervention, a dedicated staff
filled out a form containing the patients’ personal infor-
mation (extracted from medical record), technical and
dosimetric data (from print patient report), and some other
information by visual inspection of procedures performed
in the operating room (e.g., region of the body irradiated).
Specifically, the form gathered the following information:
name, age, weight and height, procedure type, angio-
graphic system used, average voltage and current of the
tube, cumulative fluoroscopy time, number of radiographic
and fluorographic images, position of the X-ray tube (both
rotation and tilt), partial DAP values for each position of
the X-ray tube, cumulative DAP, cumulative air kinetic
energy released in matter, both in fluoroscopy and radio-
graphic modality and body region. Data regarding height
and weight were collected to calculate the corresponding
body mass index (BMI) using the following formula:

_ Weight (kg)

BMI = — /
Height (m)

To obtain the relationship between DAP and E values,
tabulated conversion coefficients (CC,), which have been
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Table 1 Dose area product (DAP) calibration factors for one of the two Philips units in the fluoroscopic modality, and 0.1 mm Cu + 1 mm Al

additional filtration setting, without patient table attenuation

V (kVp) M (mGy) Field size (sz) DAP,cas (mGycmz) DAP,om (mGycmZ) DAP calibration factor (without patient table)
60 0.493 109.03 53.77 52.00 1.034
70 0.695 109.03 75.75 77.55 0.977
80 0.908 109.03 98.98 108.67 0.911
90 1.156 109.03 126.02 134.00 0.940
100 1.414 109.03 154.18 161.00 0.958
110 1.680 109.03 183.18 190.00 0.964
120 1.978 109.03 215.64 223.50 0.965

published in terms of E/DAP [16], were used. These CC,
values were evaluated using a Monte Carlo code simulating
an average adult patient; they were tabulated for each
region of the body at a given fixed tube projections. That is,
for each region and projection, the CC,, values depended on
tube voltage and total tube filtration. Tabulated values of
tube potential ranged from 50 to 120 kVp, while those for
total filtration ranged between 2 and 5 mm Al. These CC,
values were used with some approximations. As not all
projections and body regions involved in these procedures
were considered in the present report, those missing were
approximated to those of the closest-tabulated data [16]. In
addition, the published CC, values allowed for a maximum
total beam filtration of 5 mm Al, even though some of the
investigated procedures were performed using an equiva-
lent Al filtration of > 5 mm. To extrapolate for these, the
tube voltages and best fit projections of the tabulated CC,
values were estimated, using an exponential function, as a
function of the filter equivalent thickness. In this way, we
calculated the CC,, value of each single examination.

In all the procedures involving > 1 projection or body
region, the corresponding partial effective dose
(E;j = CC;; - DAP;;) was calculated for each irradiation
condition (i) and patient (j). On the basis of all i projec-
tions, the total effective dose for patient j(Ej) was then
calculated as E; = ), E;;.

Finally, in each p procedure, the total E was obtained as
the average of all Ej values. The average CC, value of each
p procedure was also measured, as was its corresponding
ranges.

3 Results

The calibration factors of the DAP meters ranged from 0.44
to 0.75 when the patient table and mattress were included,
and from 0.87 to 1.4 in air (i.e., without the patient
table and mattress). These factors depended on the tube
voltage and filtration conditions used. For example,

Tables 1 and 2 show calibration factors for one of the two
Philips units under one filtration condition (0.1 mm Cu +

1 mm Al additional filtration setting) in fluoroscopic
modality, with and without a patient table and mattress
included, respectively. Table 3 reports for each procedure
the BMI, cumulative fluoroscopy time, number of radio-
graphic images, and tube voltage, along with the corre-
sponding ranges. The following procedures involved a
longer fluoroscopy time and higher number of radiographic
images: embolization of cerebral artery aneurysm,
abdominal aortic endoprosthesis, and limb salvage. The
measured DAPs, together with the CC, conversion coeffi-
cients and calculated E values, are shown in Table 4. The
values represent the overall average of patients who
underwent the same p procedure. The average estimated
CC, values ranged from 0.07 to 0.25 mSvGy ™' cm ™ in all
procedures involving the head, as well as in periradicular
infiltration. By comparing Tables 3 and 4, we can see that
higher DAP values correspond to higher cumulative fluo-
roscopy times and/or higher radiographic images, except in
the case of the limb salvage procedure. The reasons for this
occurrence have been already discussed in a previous study
[4]. The E values ranged from 5.4 to 166.3 mSv for both
facet joint injection and abdominal aortic endoprosthesis.
These procedures had the shortest and longest fluoroscopy
times, as well as the lowest and highest numbers of
required radiographic images, respectively. Thus, they also
had the lowest and highest DAP values.

4 Discussion

In interventional radiology, it is difficult to manage radia-
tion risk. First, there is no agreement on appropriate indi-
cators suitable to characterize the radiation risk. Moreover,
not all procedures are standardized, and the reference
levels suggested in the literature refer only to certain
specific interventional radiological procedures [17, 23-26].
In this regard, E can be used to compare the risks among
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Table 2 Dose area product (DAP) calibration factors for one of the two Philips units in the fluoroscopic modality, and 0.1 mm Cu + 1 mm Al
additional filtration setting, with patient table attenuation

V (kVp) M (mGy) Field size (cm?) DAP, . (mGy cm?) DAP,, (mGycm?) DAP calibration factor
(without patient table)

60 0.341 109.03 37.17 56.00 0.664

70 0.503 109.03 54.86 96.33 0.569

80 0.672 109.03 73.24 108.00 0.678

90 0.866 109.03 94.37 135.67 0.696

100 1.077 109.03 117.39 154.33 0.761

110 1.301 109.03 141.96 194.67 0.729

120 1.546 109.03 168.56 230.67 0.731

Table 3 Average data measured in 10 patients with the corresponding range for 15 interventional procedures

Procedure BMI (kg/m?) Cumulative fluoroscopy time Number of radiographic Tube voltage
(min:s) images (kVp)

Cerebral arteries angiography 26.8 22:20 (0:28-31:54) 119 (86-152) 78 (68-92)
(29.2-31.1)

Hepatic chemoembolization 23.6 28:36 (8:33-53:23) 32 (14-56) 87 (85-90)
(19.5-27.7)

Percutaneous disc compression 25.9 4:57 (1:55-10:00) 0 115 (90-120)
(19.8-30.1)

Embolization of cerebral artery 24.6 54:00 (13:24-119:33) 246 (152-305) 76 (74-78)

aneurysm (23.5-26.4)

Abdominal aortic endoprosthesis 24.9 42:84 (2:08-184:52) 444 (131-1055) 99 (90-113)
(20.6-26.4)

Facet joint injections 26.8 04:38 (4:29-20:00) 0 94 (85-120)
(19.3-31.4)

Periradicular infiltration 25.3 05:20 (2:47-6:48) 0 99 (86-105)
(20.2-33.2)

Nephrostomy 244 10:08 (2:19-20:34) 398 (3-911) 87 (76-95)
(19.3-27.4)

Biliary drainage 22 (20.6-23.5) 09:35 (1:01-15:47) 0 66 (58-72)

Limb salvage 27.0 44:16 (16:04-78:46) 499 (72-849) 65 (52-80)
(23.5-31.2)

Radiofrequency medial branch 26.6 05:14 (1:28-10:44) 0 71 (62-85)

neurolysis (19.4-35.2)

Carotid artery stenting 26.2 17:56 (11:23-27:26) 25 78 (62-98)
(24.2-27.2)

Varicocele embolization 23.3 10:58 (6:47-17:44) 1063 (4-1211) 103 (85-120)
(22.4-24.4)

Vertebroplasty 24.8 8:52 (3:30-20:52) 2 (0-5) 99 (71-120)
(17.6-33.0)

Ischemic stroke 27.5 44:34 (40:06-50:26) 220 (150-317) 79 (60-101)
(19.8-28.2)

different technologies or radiological procedures, as well as
to compare exposure among patients subjected to the same
procedure, but in different hospitals.

In the literature, several strategies have been proposed to
determine E [27]. Such approaches use both direct and
indirect methods [12-15, 28]. In the present study, E was
determined on the basis of DAP values. The values were

properly corrected for the calibration factors, and the
conversion coefficients from Ref. [16] were revised to take
into account the technical specifications of the procedures
under investigation. E values ranging from 5.4 to
166.3 mSv—for facet joint injections and abdominal aortic
endoprosthesis, respectively—were obtained.
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Table 4 Measured dose area products, conversion coefficients CC,,, and E values calculated for each procedure

Procedure

DAP (Gy cm?)

CC, (mSv/Gy cm?)

E (mSv)

Cerebral artery angiography

Hepatic chemoembolization
Percutaneous disc compression
Embolization of cerebral artery aneurysm
Abdominal aortic endoprosthesis

Facet joint injections

Periradicular infiltration

Nephrostomy

Biliary drainage

Limb salvage

Radiofrequency medial branch neurolysis
Carotid artery stenting

Varicocele embolization

Vertebroplasty

Ischemic stroke

241.8 (32.6-413.2)
439.0 (102.2-1078.4)
43.1 (14.4-106.9)
330.7 (164.6-685.8)
791.7 (296.7-1785.9)
25.6 (4.6-46.6)

39.7 (4.9-100.5)
46.2 (12.4-110.6)
78.8 (15.3-207.2)
119.8 (31.5-343.1)
33.7 (3.5-94.0)

95.5 (25.0-177.7)
66.1 (27.4-120.9)
101.3 (18.8-147.1)
204.2 (107.9-308.7)

0.07 (0.06-0.09)
0.20 (0.193-0.214)
0.24 (0.231-0.252)
0.07 (0.065-0.077)
0.21 (0.20-0.215)
0.21 (0.20-0.221)
0.25 (0.248-0.255)
0.20 (0.195-0.210)
0.19 (0.18-0.20)
0.11 (0.1-0.119)
0.21 (0.205-0.220)
0.15 (0.104-0.178)
0.21 (0.20-0.216)
0.23 (0.223-0.240)
0.07 (0.062-0.078)

16.9 (2.1-36.3)
87.8 (28.9-225)
10.3 (3.7-25.4)
23.2 (12.1-48.9)
166.3 (61.2-380.8)
5.4 (0.77-9.80)
9.9 (1.5-25.6)
9.2 (2.5-21.9)
15.0 (2.8-40.6)
13.2 (3.2-37.9)
7.1 (0.92-20.7)
143 (2.6-31.6)
13.9 (5.5-25.5)
23.3 (4.2-35.3)
14.3

(6.7-23.2)

As arule, it is not possible to guarantee a monotonically
increasing relationship between E and DAP. However, in
the present study, higher DAPs corresponded to higher
E values, and vice versa. The DAP and E values obtained
in the present study were not always in agreement with
those reported in the literature, although the data available
in the literature are not even in agreement with each other
[1, 9-14, 29, 30]. As there are many factors that can affect
dosimetric data within the same type of procedure, a reli-
able comparison was difficult to obtain. In fact, each
specific procedure depends on the specific protocol used by
radiologists, which can differ in terms of (1) the charac-
teristics of the fluoroscopy and cine views (orientations and
number of radiographic images), (2) the geometry of the
fields being used (distances, field sizes), (3) technical
parameters (filtration and tube voltage), (4) changes of
physicians and medical staff, and (5) experience and
variation in patients’ anatomy and pathology. In addition,
the comparison was further complicated because inter-
ventional procedures were not classified in the same way.

Specifically, procedures involving the chest and
abdominal regions had, on average, conversion factors
similar to each other (ranging from 0.19 to 0.25 mSv/
Gy cm?). These values are consistent with data reported in
the literature [1, 8-10, 13, 31, 32]. For example, both
hepatic chemoembolization and nephrostomy yielded a
CC, value of 0.20 mSv/Gy cm?, which falls within the
range of values reported in the literature (from 0.13 to 0.16
and from 0.16 to 0.26, respectively) [1, 9, 10]. A unique
coefficient of 0.07 mSv/Gy cm?® was found in the case of
procedures that affected the head region; this figure is also
quite consistent with that reported in the literature [1, 8].

In the case of the lower limb procedure, values ranging
from 0.02 to 0.26 mSv/Gy cm? are reported in the litera-
ture [1, 10, 13, 32]. Such a wide range is unsurprising
considering that these values refer to generic peripheral or
lower extremity procedures and no other information is
available. The CC, we found in the present study
(0.11 mSv/Gy cm?) is well within this range.

Regarding percutaneous disk decompression, abdominal
aortic endoprosthesis, facet joint injections, periradicular
infiltration, ischemic stroke, and facet medial branch neurol-
ysis, to our knowledge, no dosimetric data are available in the
literature. However, although these procedures do not involve
patient exposure to high-radiation doses, we believe estima-
tion of their associated radiation risk is important, as these
procedures are common in hospitals and are often repeated in
adjacent body regions. In addition, the availability of infor-
mation in the literature may help physicians in standardizing
the various techniques, which will in turn allow reliable
comparison among the different operating methods.

The uncertainty for the dose values proposed in this
work has two major components. First were uncertainties
associated with the calculation of corrective factors.
Specifically, in certain cases, the angle projections or tube
potentials did not coincide exactly with the reported data
[16]. For this reason, some approximations were per-
formed, whereby we performed a projection and chose the
potential value closest to the actual value. That is, the value
reported in the literature was adopted (approximately 12%)
[10], as the same method was applied to determine the CC,
values but in different types of procedures. The uncertainty
in the fitting procedure of the tabulated CC, values was
considered negligible with regard to the filter equivalent
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thickness. That is, the R? value associated to the fit was
close to 1. The second component of uncertainty was
related to the procedure used to calibrate the DAP. A
global estimation of 12% was made. However, using the
propagation error theory, a combined uncertainty of
approximately 17% was calculated and adopted.

Another concern is regarding the dependence of con-
version factors on BMI. As reported in [33], the NPRB
coefficients were published for patients with standard
dimension and tend to overestimate the effective dose for
obese patients. As reported in Table 3, our average BMI
values for all procedures are close to 25 kg/m?, which is
the limit accepted in the literature for overweight patients
and would not be considered as obese (> 30 kg/mz).
Hence, we are confident that the effective dose values
reported in this study are reliable and maybe used as a
preliminary guidance for other centers that perform similar
procedure.

5 Conclusion

In the present study, we estimated the E values of some
interventional radiological procedures. Our estimation was
based on DAP measurement and used tabulated conversion
coefficients that have been published in terms of E/DAP.
For some procedures, the DAP and E values were different
from those reported in the literature. By contrast, the CC,
values were fairly in agreement with those proposed in the
literature for a large set of procedures. Therefore, we can
conclude that these discrepancies were mainly due to DAP
values, which in turn depend on how the procedures are
performed. This suggests that all interventional procedures
should be univocally classified, optimized, and standard-
ized to allow valid comparative studies and universal ref-
erence levels. Importantly, the E values found in this study
are the first to appear in the literature, although some of the
procedures analyzed do not expose patients to high-radia-
tion doses. A larger number of procedures will have to be
investigated to confirm our data. Nonetheless, this study
could be used as a preliminary guidance for other centers
that perform similar procedures.
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