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Corrigenda

Errata sheet listing chronologically the changes in the report. Please, check it often to verify
that you have an updated version of the report.

Date Change Comments

August 7 Replaced Figure 5 with The report as first published printed Figure 7 twice, once where
2022 the correct figure it belonged and once where Figure 5 should have been.
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|l. Introduction

The AAPM charged Task Group 251 (TG-251) with collecting fluoroscopic and fluorographic air
kerma rates (AKRs) as a function of simulated patient thickness from infants to adult-sized patients, to
survey the state of the practice, and to disseminate this information so that qualified medical physicists
(QMPs) could compare their measurements for a typical range of patient sizes to the task group’s pub-
lished results.

An increase in novel interventional applications has accompanied advances in fluoroscopic hard-
ware and software, but the rate of advancement has outpaced educational initiatives on how best to
integrate new technologies (Balter 2006). Consequently, fluoroscopic equipment sold to hospitals
may, at times, be used in clinical practice with the default manufacturer settings and no additional
configurational changes to adapt further image quality and radiation dose for a diagnostic task or the
patient population specific to that institution (Strauss 2015¢). Systems using default settings (i.e., not
configured for the pediatric population) may deposit excessive radiation dose or require repeat exams
due to suboptimal image quality (Strauss 2006a & b). In such settings, pediatric populations are of
concern, especially given that 70% of pediatric hospitalizations occur at general hospitals (Leyenaar
2016).

Both stochastic and deterministic risks are associated with substantial doses of ionizing radiation.
Effective radiation doses per examination of more than 100 mSv (AAPM 2018) are believed to be the
lower threshold for stochastic risks, while the lower threshold for a deterministic skin injury is a peak
skin dose of 2000 mGy (NCRP 2012). Stochastic radiation risks are typically a greater concern for
pediatric patients than adults, both because of the long-expected survival of children and their higher
overall sensitivity to some stochastic effects (Strauss 2006a & b; Ferro 2015; Damilakis 2019). An
earlier generalization that children might be three to five times more sensitive to radiation than adults
(Hall 2006) may not be accurate for all stochastic effects. The United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR 2013) noted that children might be more radiosensitive
than adults for leukemia, thyroid, skin, breast, and brain cancer. However, in many cases, the data are
too weak to conclude differences in risk with age at exposure. For small, younger pediatric patients,
deterministic radiation risks may be less of a concern than stochastic risks because the peak skin dose
threshold of 2000 mGy is not reached, except possibly for complex interventional fluoroscopic proce-
dures.

According to UNSCEAR (2013), similar complex radiosensitivity comparisons between children
and adults are seen for deterministic tissue reactions. Due to their larger size, the peak skin dose for
large adults may be an order of magnitude more than for a small pediatric patient for the same inter-
ventional fluoroscopic examination, making deterministic skin effects more likely for the adult
patient. However, since the middle-aged adult typically has a shorter remaining lifetime than the pedi-
atric patient, the likelihood of cancer with a 25- to 30-year latent period being expressed is smaller for
the adult patient than for a pediatric patient.

Nevertheless, the radiation dose delivered to pediatric patients should be carefully managed to
minimize stochastic and deterministic effects while also accounting for effects on image quality
(Strauss 2006a & b; Lederman 2002). These effects depend upon the technology used, examination
type, settings applied, disease-related factors, and the child’s anatomical and physiological character-
istics. Relative to most adults, children have smaller body parts, less overlying tissue to shield critical
organs during radiation exposures, and lack the fat planes between organs that could enhance contrast
and tissue differentiation (MITA 2015). Consequently, for a fixed air kerma rate at the entrance plane
of the patient, the dose to any organ in a pediatric patient will be higher than for an adult patient
(UNSCEAR 2013). Although small body habitus will cause properly calibrated fluoroscopic equip-
ment to reduce the dose rate (Kaye 2000; Aria 2014), the increased complexity in imaging and diffi-
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culty in gaining access into small regions of anatomy may result in longer fluoroscopy times, higher
frame rates, or more use of fluorographic modes (NCRP 2012).

Outreach efforts by organizations such as Image Gently (Sidhu 2009; Strauss 2015b; IGA 2014a—d)
have emphasized that experienced pediatric interventional operators should perform pediatric inter-
ventional procedures using appropriately configured fluoroscopes, but several recent studies have
shown that many medical centers lack specialized pediatric care and equipment (CPEM 2007; Sulli-
van 2013; Franca 2018; Ray 2018).

Given the increasing frequency, complexity, and length of fluoroscopy-guided interventional
(FGI) procedures (ICRP 2013), it is important to mitigate risks in pediatric patients by configuring
fluoroscopic equipment appropriately for the clinical task. However, fluoroscopes configured to
image the limited range of adult patient sizes may not adequately manage the incident air kerma rates
(AKRs) to small children, e.g., 4—10 kg. In response to this task group’s AAPM charge (stated follow-
ing the table of contents of this report), the task group developed a standardized protocol to measure
state-of-the-practice AKR values as a function of patient thickness from different types of fluoro-
scopes employed in both pediatric and adult medical centers, both academic and non-academic.

While maintaining diagnostic image quality and proper management of AKRs during fluoro-
scopic examinations are equally important, the AAPM charge did not include evaluation of image
quality. Protocols should have been established with assistance from the vendor application specialists
in collaboration with clinicians and the qualified medical physicist (QMP) if available at the time of
installation. Poor image quality should have led to assessing and adjusting equipment settings until
they were appropriate for the clinical task. In some cases, it may be necessary to increase AKRs to
ensure that image quality is sufficient for the clinical task. On the other hand, fluoroscopy systems
with excessive AKRs may produce high-quality images with little to no noise. As a result, the higher
radiation dose rates will likely remain unless identified by the QMP during annual performance test-
ing of the equipment. This, however, will only happen if the QMP’s assessment of AKR includes
measurements for simulated thicknesses of pediatric patients and has information on AKRs for pediat-
ric patients relative to adult-sized patient AKRs for the unit being tested (Miller 2010).

The charge of the AAPM also did not include the development of diagnostic reference levels
(DRLs) that pertain to the cumulative AK of the fluoroscopic examination. They are determined by
the performance of the fluoroscope and operator. Readers are referred to various sources (ICRP 2007;
NCRP 2010; EC 2014; Strauss 2015a; Strauss 2015¢; Ubeda 2015; ICRP 2017; Kottou 2018) for a
discussion of the role of DRLs in fluoroscopic imaging.

2. Methods

AAPM Report 11 (TG-11) (Boone et al. 1993) measured AKRs for pre-defined, adult-oriented proto-
cols on various fluoroscopic equipment. In addition, the RAD-IR study (Balter 2004-Part III) devel-
oped a comprehensive measurement protocol using varying thicknesses of polymethylmethacrylate
(PMMA), where the range of PMMA thicknesses represented patient sizes generally seen among
adults. Similar to these two studies, TG-251 was tasked with establishing a measurement protocol that
would allow for reproducibility and practicality. TG-251 adopted an approach similar to TG-11 to
develop a standardized pediatric-focused protocol where variable thicknesses of PMMA—small
enough to simulate infant extremity and trunk attenuation up to adult-sized patients—were used to
measure AKR from fluoroscopes. For each surveyed fluoroscopic unit, AKR was measured for the
fluoroscopic and fluorographic modes. When displayed by the fluoroscope, the pulse width, tube
potential (kV), and root mean squared tube current (RMS mA) were recorded for both fluoroscopic
and fluorographic configurations. In some cases, when pulse width was not displayed, the full width at
half maximum (FWHM) of a pulse of tube potential waveform was measured.
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Table I: Vendors Included in This TG by Equipment Type

Distribution by Equipment Type
Mini Mobile General Fluoro Cardiac
Manufact J Z
anutacturer C-Arms C-Arms (GF) LS e s EP?
Phillips B o 4 on 1S 15 (39%) o
3 (8%) FPD 13 (45%) Il (14- FPD; I- Il) 2 (17%) FPD
Siemens o 10 (34%) o o
- 3 (4%) 1l (5- FPD; 5- Il 9 (24%) FPD 3 (25%) FPD
GE 3 (25%) Il 33 (87%) Il 5(18%) I 4 (11%) FPD --
Toshiba - - 1 (3%) 1l 10 (26%) FPD 7 (58%) FPD
Ziehm - 1 (19%) 1l - - -
Hologic 6 (50%) Il - - - -
Orthoscan 3(25%) 11 - - - -
'interventional radiology (IRR)
Zinterventional cardiology (IRC)
3 electrophysiology (EP)
*flat panel detector (FPD)
S image intensifier (1l)

2.1 Participating Sites and Equipment

Table 1 shows the distribution of equipment manufacturers surveyed across all sites. Of the 16 sur-
veyed sites, 9 were dedicated, free-standing pediatric medical centers, 6 were either adult-oriented
facilities with available pediatric services or primarily adult-oriented facilities in rural communities,
and one site was at the manufacturer’s headquarters. Fluoroscopes at adult-oriented facilities were
used on both adult and pediatric patients. Seven fluoroscopic vendors were represented in this study
(Table 1). Only one dedicated pediatric hospital indicated the use of fluoroscopic units specifically
configured for pediatric patients. The manufacture date for most of the fluoroscopic equipment
included in this report ranged from 2005 to 2017.

The general fluoroscopic (GF) units had under-table x-ray tubes with over-table image receptors.
Remote units with an under-table image receptor and an over-table x-ray tube were excluded, as were
mobile O-arm units.

2.2 Measurement Protocol

Measurements were made with readily available, inexpensive materials to facilitate incorporation into
a quality control program. Table 2 summarizes the protocols for each type of fluoroscope. For units
with an image intensifier (II) input mode, measurements were made with the field of view (FOV) that
was nearest to 23 cm (9 in). Measurements on flat-panel detectors (FPD) were made with the FOV
closest to 20 X 20 cm. The available FOV varied by unit for mini C-arms, but either a 15-cm or a
10-cm FOV was evaluated.

AKR measurements were made at the entrance of seven different PMMA thicknesses, ranging
from 1.25 to 25 cm. As shown in Table 3, the pediatric extremity AKR measurements were made
using 1.25, 2.5, and 5 cm of PMMA, which correspond to the average sizes of the radius/ulna in a 1-
to 2-year-old, 7- to 8-year-old, and 16- to 17-year-old pediatric patient, respectively. The 5-cm slab
also represents the average adult hand thickness. The phantom thicknesses of 10, 15, 20, and 25 cm
represent, respectively, an average newborn’s trunk, an 8-year-old’s trunk, a 17-year-old’s trunk, and
an adult trunk, as shown in Table 3. All PMMA slabs had 25 x 25 c¢cm cross-sections.

Both solid-state and ionization chamber dosimeters were used. All dosimeters were calibrated via
a NIST-traceable laboratory. Since ionization chamber dosimeters record backscatter from the
PMMA, a backscatter factor of 1.35 (Wagner et al. 2000, Wunderle et al. 2017) was applied to solid-
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Table 2: Mode of Operation for Each Type of Fluoroscope
(Both fluoroscopic and fluorographic operating modes were evaluated
using automatic dose rate control, ADRC.)

Mini Mobile P
Parameter e A e IRR® IRC? EP®
C-arm C-arm (GF)
Exam Extremity Abdomen Gl Abdomen Thorax Thorax
PMMA Thickness 1.25,2.5,5 5,10, 15,20,25 |5,10,15,20,25 |5,10,15,20,25 |5,10,15,20,25 |5,10, 15,20, 25
(cm)
Con vs Pulse Con Con & Pulsed Pulsed Pulsed Pulsed Pulsed
Dose Level Normal' Normal' Normal' Normal' Normal' Normal'
Added Filter Std® Std® Var Var Var Var
FOV (cm) [50r10 233 23 233 23° 23°
Source to Chamber 35 70 Var? 70 70 70
Distance (cm)
Source to Image 44 100 ~854 100 100 100
Receptor Distance
(cm)
Phantom entrance SCD +2 SCD + 4 SCD +4 SCD + 4 SCD +4 SCD + 4
(cm)
Pulse Rate (P/s) Con Con & 7.5 7.5 15 15 & 30 7.5
Fluoroscopy
Pulse Rate (P/s) Single Single 2 3 15 & 30 7.5
Fluorographic
Presentation DA DA DA DSA DA DA
Fluorographic
Grid No Yes No5& 10 No 5 & 10 No5& 10 No 5 & 10
Yes 15, 20, 25 Yes 15, 20, 25 Yes 15, 20, 25 Yes 15, 20, 25

'Routine image receptor dose level used for nominal aged child imaged. See Table 4.
2Variable among GF units, ranges from ~50 to 65 cm.

3Area of image intensifier ~410 cm? FOV of flat panel closest to 410 cm? approximately 20 cm dimension
Image receptor cover to be positioned 30 cm above the table top.

SCD - source-to-chamber-surface distance

®IRR - interventional radiology unit

7IRC — interventional cardiology unit
8EP — electrophysiology unit
92.5 to 3 mm Al total equivalent filtration; ~3 mm Al measured half value layer at 80 kVp
Con — continuous

Std — standard
Var — variable; | mm Al plus 0.1-0.9 Cu added; 3-8 mm Al measured half value layer
Gen Fluoro — general fluoroscopy

Table 3: Modeled Patient Thickness
(Kleinman 2010)

. Nominal PMMA Thickness
Patient Category (inches) @)
Ave newborn extremity 0.5 1.25
Ave 8-yr-old extremity | 25
Ave 17-yr-old extremity 2 5
Ave newborn trunk 4 10
Ave 8-year-old trunk 6 15
Ave |7-year-old trunk 8 20
Ave adult trunk 10 25

10
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i h -I 2B

Figure |. Measurement geometry and general equipment setup for (a) mini C-arms, (b) mobile C-arms (slabs of
PMMA placed directly on the input Il or FPD), (c) general fluoroscopes (GF), (d) interventional angiographic radiol-
ogy (IRR), interventional cardiac (IRC), and electrophysiology (EP) equipment.

state meter measurements to compare measurements made with both types of meters. All-solid-state
dosimeters were placed toward the outer edge of the FOV to minimize the extent to which a lead-
backed dosimeter could cause the AKR to increase. Consistent with Image Gently guidelines (IGA
2014c) and to further standardize the data collection protocol, the anti-scatter grid was removed for
PMMA thicknesses of 10 cm or less (Table 2).

Whenever possible, a source-to-image-receptor distance (SID) of 100 cm was used. For GF units
with a fixed source-to-skin distance (SSD), the image receptor was placed 30 cm above the tabletop.
The measured AKR was reported in AK/time (mGy/min) for the fluoroscopic mode and AK/pulse
(mGy/p) for the fluorographic modes. In Table 2, the pulse rate in the fluorographic mode ranged
from single image to 30 P/s, depending on the type of fluoroscope. The presentation of the fluoro-
graphic images, i.e., digital subtraction angiography (DSA) versus digital angiography (DA), which is
a non-subtracted presentation, is also dependent on the type of fluoroscope evaluated. The maximum
output of each fluoroscopic unit was also measured to ensure that each unit complied with regulatory
maximum output standards.

The measurement geometry adopted by the TG for each fluoroscope is illustrated in Figure 1. All
possible variables in the measurement protocol could not be anticipated for every unit in the installed
base. In these situations, the QMPs were asked to adopt the settings that most closely resembled the
clinical situation for an average-aged child, as shown in Table 2.

2.3 Statistical Analysis

All plots and analyses were generated with RStudio (RStudio, Inc., Boston, MA, version 1.1.423).
Box plots used in this report compare the distribution of measured or documented parameters. Each
box’s upper and lower boundaries represent the third and first quartile; the centerline is the median
value. The whiskers represent 1.5 times the standard deviation of the data.

Violin plots were used to outline the kernel probability density. The width of the shaded area in
each plot illustrates the proportion of AKR values located at that level for each phantom thickness.
The violin plots also contain box plots. The non-parametric Mann-Whitney U test was used to test the
null hypothesis that the mean rank of the AKR measurements across all phantom thicknesses between
pediatric and adult IRC facilities is not equal. The “N-1" Chi-squared test was used to compare differ-
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ences in percentages, where the null hypothesis indicates no difference. Both tests used a significance
level of o = 0.05, with a P-value greater than 0.05, suggesting rejection of the null hypothesis.

3. Results

3.1 Equipment Surveyed

A total of 131 fluoroscopic systems were evaluated. Table 4 summarizes the number and types of flu-
oroscopic equipment surveyed by hospital type: adult hospital or pediatric hospital. Evaluations per-
formed at a manufacturers’ headquarters are included in the adult facility category.

3.2 Incident Air Kerma Rate (AKR)

Interventional fluoroscopic units accounted for 38 of the 131 units surveyed; 18 (13.7%) and 20
(15.2%) of these 131 units were used for IRR and IRC applications. The AKRs collected for the IRC
and IRR fluoroscopic modes are compared in Figure 2. The data in this figure illustrate that the fluoro-
scopic AKRs may differ for similar interventional fluoroscopic units depending on the clinical appli-
cation. The IRC fluoroscopes had a lower median AKR than the IRR fluoroscopes at all phantom
thicknesses for a number of reasons. First, the IRC fluoroscopes were evaluated using a thorax exam
configuration designed for cardiac studies, while IRR fluoroscopes were evaluated using an abdomi-
nal or neuro exam configuration. Variation in the unique nominal focal spot size, selected voltages,
available tube current, pulse rate, pulse width, and thickness of filtration added in the x-ray beam are
just some of the configurable parameters that affect the AKR. Third, less radiation is required to pene-
trate the thorax than the abdomen or head (soft tissue and air-filled lungs vs soft tissue or solid soft tis-
sue and bone). Finally, the configured AKR at the entrance plain of the image receptor may be
different for the two different clinical applications. Six of the IRC units with novel image processing
(30% of the submissions in this study) were configured with substantially reduced AKR values at the
image receptor, which reduced the study’s AKR for IRC units. This reduced AKR at the image recep-
tor, set up by the QMP with cooperation of the equipment vendor, was possible due to the unit’s
advanced image processing and the cardiologists’ tolerance for increased quantum mottle levels in the
image.

Table 4: The Number of Fluoroscopic Units Evaluated by Clinical Setting and Type

Number of Units Evaluated
Clinical Settin
g Mini Mobile General IRR' IRC? EP? Total
C-arm C-arm Fluoro
Adult hospital | 20 9 5 10 7 52
Pediatric hospital I 20 20 13 10 5 79

"IRR — interventional angiographic radiology unit
2IRC - interventional cardiology unit
3 EP — electrophysiology unit
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Comparison of Air Kerma Rate:
Interventional Cardiology (IRC) vs. Interventional Angiographic Radiology (IRR)

a) b) C
5 cm Phantom Thickness 10 cm Phantom Thickness 15 cm Phantom Thickness
=16 =35 _— =9
Ea E1 Es| = —0
= = =
(1.2 @, af
E. . EZ Es
v 0s 15 o4
m Y m m 3
E 1.0 E —_—
S04 ,—l—. — = z 2
¥ 03 _ ¥ 05 ¥,
< 0.0 < 0.0 Lo
IRC IRR IRC IRR IRC IRR
d) . e) .
20 cm Phantom Thickness 25 cm Phantom Thickness
=22 . T4 —
£ 20 E 40
;:_:}13 %35
Els Ed
% 12 % 24
o 10 o 20 — E—
m 8 m 16
Es E 12
v 4 v 8
2 = 4
T 0 <0
IRC IRR IRC IRR

Figure 2. Distribution of incident air kerma rates (AKRs) as a function of phantom thicknesses for interventional
cardiology (IRC) (N = 20) and interventional radiology (IRR) (N = 18) fluoroscopes. Data collected for IRC units
were obtained with a thorax exam protocol with |5 p/s. The IRR units were measured using an abdominal exam
protocol with |5 p/s. Please note that the scale of the ordinate for each pair of box plots is unique.
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a)

Air Kerma Rate As a Function Of Fluoroscope Type and Phantom Thickness
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Figure 3. Distribution of incident air kerma rates (AKRs) for each fluoroscope, evaluated as a function of
phantom thickness. EP = cardiac electrophysiology labs, GF = general fluoroscopes, IRC = cardiac IR, IRR
= interventional angiographic radiology, M(C) = continuous mode of mobile fluoroscope, M(P) = pulsed
mode of the mobile fluoroscope. The frame rates for each type of unit are as specified in Table 2. Please
note that the scale of the ordinate for each set of box plots is unique.

Figure 3 shows the distribution of AKR with increasing phantom thickness for each type of fluo-
roscope evaluated across adult and pediatric sites, except for mini C-arms. While some variation in the
median AKR is illustrated within each individual phantom thickness for the EP, GF, IRC, and IRR
units, the differences are not large. For the phantom thicknesses greater than 15 cm, the AKR of the
mobile fluoroscopes in the pulsed mode are approximately half of the values of GF units. However, in
the continuous mode of the mobile fluoroscopes, the AKR is more than 3 times greater than the AKR
in the pulsed mode (8 p/sec).
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Figure 4-1. Measured incident air kerma rates (AKR) from adult and pediatric cardiac cath labs (IRC) (N = 10 for
both). Please note that the scale of the ordinate for each pair of violin plots is unique.

Figures 4-1 to 4-6 display violin plots that compare AKR between adult and pediatric medical
centers. For GF, EP, and mobile C-arms both pulsed and continuous, fluoroscopes at dedicated pediat-
ric medical centers had median AKR values lower than fluoroscopes at adult medical centers. This
trend was more pronounced for IRC units.
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Interventional Radiology (IRR) - 15 p/s
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Figure 4-2. Distribution of measured incident air kerma rates (AKR) from adult and pediatric interventional radiol-
ogy (IRR) fluoroscopes (N = 5 and |3, respectively). Please note that the scale of the ordinate for each pair
of violin plots is unique.
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Electrophysiology Lab (EP) - 7.5 p/s
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Figure 4-3. Distribution of measured incident air kerma rates (AKR) from adult and pediatric electrophysiology
(EP) labs (N = 7 and 5, respectively). Please note that the scale of the ordinate for each pair of violin plots
is unique.
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Mobile C-Arm: Continuous Mode
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Figure 4-4. Distribution of measured incident air kerma rates (AKR) from adult and pediatric mobile C-arms oper-
ated in the continuous mode (N = 20 for both). Please note that the scale of the ordinate for each pair of
violin plots is unique.
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Mobile C-Arm: Pulsed Mode - 7.5pls
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Figure 4-5. Distribution of measured incident air kerma rates (AKR) from adult and pediatric mobile C-arms (N =
16 and 20, respectively). Please note that the scale of the ordinate for each pair of violin plots is unique.
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General Fluoroscopy (GF) - 7.5p/s
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Figure 4-6. Distribution of measured incident air kerma rates (AKR) from adult and pediatric general fluoroscopes
(GF) (N =9 and 20, respectively). Please note that the scale of the ordinate for each pair of violin plots is
unique.
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Table 5: Fluoroscopic Mode
Median, 25", and 75" percentile values for the fluoroscopic incident air kerma rate (AKR) measured with each
phantom thickness. All AKR values are specified in mGy/min at the source-to-chamber distance (SCD)
of 50-65 cm for GF units and 70 cm for all other types of units. The frame rates for
each type of unit in the first three rows are mixed, as specified in Table 2.

Thickness (cm)
System Type
5 10 15 20 25
Across all fluoroscopic systems 0.435 .11 3.58 8.67 19.9
(0.285, 0.776) (0.716, 2.08) (1.88,5.92) (4.19, 14.4) (8.53,29.4)
Across systems located at adult 0.484 1.20 3.78 8.88 224
facilities (0.315, 0.593) (0.844, 1.74) (2.39, 5.85) (5.68, 14.83) (12.5, 31.5)
Across systems located at dedicated 0.443 1.05 2.98 7.02 15.9
pediatric facilities (0.228, 0.832) (0.663, 2.15) (1.58, 5.93) (3.24, 14.2) (6.53,27.9)
General Fluoroscope (GF) 0.432 1.07 3.09 6.21 14.1
7.5 pls (0.193, 0.945) (0.682, 1.63) (1.82,4.73) (423, 15.1) (9.66, 34.2)
Mobile C-arms Continuous Mode 1.29 3.15 6.73 12.52 237
(0.834, 1.62) (2.24, 3.75) (5.14,823) (103, 16.8) (20.2, 32.3)
Mobile C-arms Pulsed Mode 0.395 0911 1.86 3.70 7.03
7.5pls (0.331, 0.484) (0.713, 1.10) (1.60, 2.25) (3.18, 4.50) (5.80, 8.70)
Interventional Radiology (IRR) 0.443 1.35 5.08 11.63 27.0
15 pls (0.336, 0.543) (0.751, 2.06) (4.38, 5.95) (10.9, 15.2) (20.6, 36.1)
Interventional Cardiology (IRC) 0.309 0.954 3.25 9.16 22.04
15 pls (0.099, 0.387) (0.312, 1.19) (0.897, 4.15) (3.39, 11.4) (8.74, 26.3)
Interventional Cardiology (IRC) 0.442 1.34 4.60 15.5 29.9
30 p/s (0.362, 0.575) (0.876, 1.76) (3.77, 7.95) (12.1,20.1) (28.8, 40.4)
Electrophysiology (EP) 0.206 0.582 1.88 535 12.2
7.5 pls (0.163, 0.249) (0.421, 0.694) (1.58,2.17) (3.98, 6.28) (7.46, 13.5)

Table 5 lists the median, 25th, and 75th percentile AKRs measured in the fluoroscopic mode
(mGy/min) for all fluoroscopes as a function of phantom thickness. The fluoroscopic AKRs for units
in pediatric facilities were less than in adult facilities at each measured phantom thickness. The mea-
surement protocol detailed in Table 2 called for AKR measurements to be repeated for 30 p/s in addi-
tion to 15 p/s for the IRC units. During the period when the data of this study was collected, 15 p/s
fluoroscopy for pediatric cardiac interventions in the United States began to be substituted for 30 p/s
data as pediatric cardiologists accepted the reduced temporal resolution of 15 p/s fluoroscopy in an
effort to reduce the total patient radiation dose during cardiac interventions. The fluoroscopic AKR
(mGy/min) in Table 5 for 30 p/s is greater than 15 p/s data, which is greater than fluoroscopy in EP
Labs, which is performed at 7.5 p/s.

21



THE REPORT OF AAPM TASK GROUP 251:
Survey of Pediatric Fluoroscopic Air Kerma Rate Values and Recommended Application of Results

Table 6: Fluorographic Mode
Median (25" and 75" percentile) and [N] values for fluorographic incident air kerma rate (AKR) value
measured with each phantom thickness and stratified by institution type, either adult or pediatric.

All AKR are specified in mGy/pulse at the source-to-chamber distance (SCD)

of 50-65 c¢m for GF units and 70 cm for all other types of units.

Institution Thickness (cm)
System Type Type
[# of units] 5 10 15 20 25
General Fluoroscope (GF) Adult [5] 0.07 0.099 0.372 0.944 2.33
2.0 p/s (0.034, 0.07) (0.093, 0.17) (0.186, 1.04) (0.481, 3.06) 0.918,7.71)
Ped [20] 0.014 0.051 0.944 0.3 0.652
(0.003, 0.03) (0.003, 0.06) (0.481, 3.06) (0.043, 0.403) | (0.059, 0.91)
Mobile C-arms Adult [6] 0.03 0.102 233 0.48 I.101
Single shot (0.023,0.331) |(0.085,0.343) |(0.918,7.71) (0.465, 0.533) | (0.673, 1.468)
Ped [3] 0.025 0.147 0.014 0.305 0.6
(0.023, 0.054) | (0.106, 0.189) | (0.003, 0.03) (0.273, 0.441) | (0.52, 0.684)
Interventional Radiology (IRR) Adult [2] 0.067 0.166 0.051 1.37 3.625
3 pls (0.039, 0.096) | (0.098, 0.233) | (0.003, 0.06) (1.035, 1.705) | (2.713, 4.538)
Ped [9] 0.028 0.082 0.13 0.678 1.74
(0.021, 0.039) | (0.068, 0.11) (0.01,0.218) (0.528,0.924) | (1.364, 3.01)
Interventional Cardiology (IRC) Adult [20] 0.002 0.006 0.3 0.08 0.3
15 p/s (0.002, 0.006) | (0.005,0.015) |(0.043,0.403) | (0.06,0.125) (0.258, 0.343)
Ped [8] 0.001 0.004 0.652 0.04 0.126
(0.001, 0.002) |(0.003,0.011) |(0.059,0.91) (0.035,0.102) | (0.088, 0.233)
Electrophysiology (EP) Adult [7] 0.003 0.01 0.03 0.13 0.33
7.5pls (0.002, 0.012) |(0.008, 0.093) |(0.023,0.331) |(0.07,0.83) (0.275, 1.235)
Ped [4] 0.004 0.004 0.102 0.038 0.081
(0.002, 0.007) | (0.004,0.007) | (0.085,0.343) |(0.026,0.063) |(0.06,0.125)

The data in Table 6 for the fluorographic mode is presented in units of mGy/pulse at the frame
rates listed in the first column. For each type of unit, the results for adult and pediatric facilities are
listed in separate rows. The last integer in square brackets for each entry is the sample size. With the
exception of mobile c-arms with the 10-cm phantom, the AKR in the fluorographic mode for all units
in pediatric facilities was less than the AKR in adult facilities. Since the data in this table is presented
as AK/pulse, the values in the table are independent of the pulse rate during the measurement, which
allows the 15 and 30 p/s data for IRC to be mixed together. As expected, the measured values of the
IRR units using DSA were 10-20 times greater than the measured values in the IRC using DA.
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Table 7: Mini C-arm
Median and interquartile range values for fluoroscopy and fluorographic incident air kerma rate (AKR)
measured with each phantom thickness. Fluoroscopic and fluorographic AKRs are expressed in
units of mGy/min and mGy/pulse, respectively, at the source-to-chamber distance (SCD)
of 35 cm. The frame rates are as specified in Table 2.

Thickness Fluoroscopy Fluorographic
(cm) (mGy/min) (mGy/pulse)
1.25 0.855 (0.601, 0.944) 0.017 (0.011, 0.020)
25 0.993 (0.741, 1.051) 0.017 (0.015, 0.022)
5 1.500 (0.915, 1.639) 0.049 (0.029, 0.068)

Distribution of Air Kerma Rate Across Mini C-arm Units
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Figure 5. (a) Box plots of fluoroscopic incident air kerma rate (AKR, mGy/min) for mini C-arm units operated in
the continuous mode. (b) Box plots of fluorographic AKR (mGy/pulse). Note that the scale of the ordinate differs
for (a) and (b).

Table 7 and Figure 5 show the distribution of AKR values collected for mini C-arms.

While the half-value layer (HVL) at 70 kV for an x-ray beam with standard (equivalent 2.5 mm
Al filtration with a measured HVL = 2.4 mm Al (at 70 kV) is approximately 3 cm of the patient thick-
ness (Strauss, K. J. 2006a), the mean AKR doubled with each 4-cm increment of phantom thickness,
regardless of the type of fluoroscope. This occurred for increased increments of phantom thickness
that resulted in kV values greater than or equal to 80 kV.

Mini C-arms have been marketed for years as simpler units that deliver less radiation dose to the
patient than standard fluoroscopes. Mini C-arms are simpler to operate because of the reduced number
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Table 8: Reduction in incident air kerma rate (AKR) relative to the largest
phantom size of 25 cm when operated in the fluoroscopic mode

Phantom Total
) IRC EP IRR GF m(P) Average %
Thickness m(C)
15 p/s 1.5 pis 15 p/s 7.5 pls 1.5 pis Across
(cm)
Rows
25 - - - - - - -
20 58.5% 56.4% 54.7% 51.0% 45.8% 48.1% 52.4%
15 85.1% 83.5% 81.2% 78.9% 73.7% 74.6% 79.5%
10 95.9% 94.6% 94.6% 93.3% 87.9% 87.7% 92.3%
5 98.7% 98.1% 98.3% 97.0% 94.9% 94.7% 97.0%
IRC — interventional cardiology unit
EP — electrophysiology
IRR — interventional angiographic radiology unit
GF — general fluoroscope
m(C) — continuous mode mobile C-arm
m(P) — pulsed mode mobile C-arm

output for mobile C-arms and mini C-arms (Table 7), using a 5-cm-thick PMMA phantom, indicate
that the mini C-arms deliver higher mean AKRs. Mini C-arm fluoroscopy rates are 1.2 and 3.8 times
greater than those for mobile C-arms operating in a continuous and pulsed mode, respectively. The
single-shot AK of the mini C-arm is 1.6 times greater than that of the mobile C-arm. The increased
AKR is partly due to the shorter SSD of the mini C-arm.

Table 8 lists the percent reduction of the measured AKR with reduced phantom thicknesses rela-
tive to the average-sized adult (25 cm phantom thickness) for each type of fluoroscope surveyed,
excluding the mini C-arms. While some variation exists between the six types of fluoroscopes for a
given phantom thickness, the reductions are similar. The last column of Table 8 lists the average
reduction for each phantom thickness. This data, expressed as the median AKR represented by the
solid black line of the whisker plots for each thickness phantom, is illustrated in Figure 6. As a first
approximation, the median AKR approximately triples for small phantom thicknesses and doubles for
larger phantom thicknesses each time the phantom thickness increases by 5 cm. Based on data in Fig-
ure 6, first order target values for the fluoroscopic median AKR of a fluoroscope are 0.5, 1.5, 4, 9, and
20 and 45 mGy/min for phantoms of thickness of 5, 10, 15, 20, 25 cm, and maximum output, respec-
tively.
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Distribution of Air Kerma Rate Across All Fluoroscopic Units
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Figure 6. The incident air kerma rate (AKR) as a function of PMMA thickness is displayed for all 131 fluoroscopic
units. (a) phantom thicknesses ranging from 5 to 15 cm and b) phantom thickness ranging from 20 cm to the max
output. The upper and lower boundaries of each box represent the 3™ and I** quartile, while the solid black line is
the median. The whiskers represent 1.5 times the standard deviation of the data. Please note that the scale of the
ordinate is different in (a) and (b). The frame rates for each type of are mixed, as specified in Table 2.

3.3 Tube Voltage and Pulse Width

The tube voltage and pulse width data displayed by the fluoroscopic systems were recorded and are
displayed in Figures 7 and 8. The ways tube voltage and pulse width change as a function of phantom
thickness illustrate some aspects of the control logic of a fluoroscope. For example, as phantom thick-
ness increased from 5 to 25 cm, tube voltage increased moderately for the EP and IRC units from a
median of 66 to 72 kV. However, for IRR units, mobile C-arms, and GF units, tube voltage increased
from 56 to 98 kV for the same range of phantom thicknesses. The pre-programmed protocols for some
EP and IRC units evaluated within this report were designed to maintain approximately 70 kV over a
wide range of patient thicknesses to improve image contrast for the iodinated contrast agent. The
maintenance of a similar kV over a moderate range of patient thicknesses differs by vendor and soft-
ware versions. Physicists working with their vendors to optimize pediatric exam protocols of larger
pediatric patients that utilize iodinated contrast should seek configurations designed to increase pulse
width or the tube current with increasing patient thickness before increasing tube voltage. Likewise,
pulse widths and tube current should be decreased for the smallest pediatric patients to maintain kV
greater than 65 kV. Lower kV values for these small patients increase patient AKR values with little to
no improvement in image quality (Strauss, K. J. 2000a).

Within tube power constraints, pulse widths used for pediatric fluoroscopy procedures should
minimize motion blur. To maintain image sharpness and adequately visualize fast-moving organs
such as the heart, maximum pulse widths of 5 and 10 msec are recommended for pediatric and adult
patients, respectively (Strauss, K. J. 2006a; MITA 2015). For non-cardiac studies of large adults, max-
imum pulse widths of 15 msec may be necessary to penetrate the abdominal/pelvic region adequately.
Figure 8 shows the distribution of pulse widths used by fluoroscopy systems included in this study
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Tube Potential as a Function of Fluoroscope Type and Phantom Thickness
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Figure 7. The distribution of kV as a function of PMMA thickness. EP = cardiac electrophysiology labs, GF = general
fluoroscopes, IRC = cardiac IR, IRR = interventional radiology, M(C) = continuous mode of mobile fluoroscope,
M(P) = pulsed mode of the mobile fluoroscope. The fluoroscopy mode frame rates are specified in Table 2.

Pulse Width as a Function of Fluoroscope Type and Phantom Thickness
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Figure 8. Pulse width, as displayed by the fluoroscopic systems. EP = cardiac electrophysiology labs, GF = general
fluoroscopes, IRC = interventional cardiac IR, IRR = interventional radiology. The fluoroscopy mode frame rates are
specified in Table 2. The dashed lines indicate the recommended maximum pulse widths for pediatric (5 msec) and
adult (10 msec) patients (Strauss, K. J. 2006a).
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Mobile C-Arm Operating in Pulsed Mode:
Distribution of Pulse Width
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Figure 9. Pulse width distribution of a single manufacturer’s mobile C-arms. The pulse width was calculated using
solid-state waveform outputs.

sorted by equipment type and phantom thickness. For the 5 and 10 cm phantom thicknesses and for
the 20 and 25 cm phantom thicknesses, ideally all units should have been configured to use pulse
widths <5 msec and <10 msec, respectively. However, the data in Figure 8 illustrate that a number of
units exceeded these recommended pulse widths.

The mobile C-arms evaluated in this survey did not display the pulse width. For the three major
manufactures’ units in this study—GE, Siemens, and Philips—the AKR waveform was collected with
a solid-state dosimeter. The pulse width for each phantom thickness was estimated from the measured
full-width-at-half-maximum of each waveform. Figure 9 illustrates the measured pulse widths from
26 to 29 msec. All of these mobile C-arm units use pulse widths that substantially exceeded the rec-
ommended maximum pulse widths of 5 and 10 msec for pediatric and adult patients, respectively
(MITA 2015).

4. Discussion

The AAPM charged TG-251 with collecting and evaluating fluoroscopic and fluorographic AKRs as a
function of simulated patient thicknesses to determine information about the state of the practice. The
charge did not include an assessment of image quality. However, considering changes to image quality
in conjunction with changes to air kerma is essential to clinical practice, particularly when evaluating
or establishing air kerma reference ranges for quality control or clinical purposes. In any attempt to
manage air kerma, image quality must also be appropriately assessed. This report outlines methods to
manage fluoroscopy protocols for pediatrics, but does not diminish or should not be misconstrued to
diminish the importance of evaluating and understanding image quality.
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4.1 General Survey Outcomes

We developed a standard method to measure the AKR across phantom thicknesses that simulate
patient sizes from an infant to adult (Kleinman 2010). If the fluoroscopic or fluorographic AKR for a
given system exceeds the 75™ percentile listed in Table 5 or 6, it is prudent to take further steps to
examine the cause. Standardization of the measurement protocol enables QMPs to evaluate a fluoro-
scope’s management of AKR as a function of patient size and to compare these measurements to other
state-of-the-practice units. Considering the large number of variables in the conventional measurement
of AKR, a standardized procedure facilitates meaningful comparisons.

The use of fluoroscopy on children requires additional considerations during the design and
development of imaging protocols. The value of configuring fluoroscopic equipment protocols for
pediatric-specific imaging tasks is noted in the statistically significant AKR reduction (P < .001) for
IRC units operated at pediatric medical centers relative to adult medical centers, as seen in Figure 4-1.
The lower AKR was due to the refinement of vendor-provided fluoroscopic protocols for the specific
tasks and cardiologist preferences at a single pediatric institution included in this report. The process
involved a close working relationship between the QMP and equipment vendor, careful evaluations of
AKR across phantom sizes, advanced image processing applications, reduced pulse rates, and feed-
back from cardiologists about the adequacy of image quality with each reduction in AKR (Strauss
K. J. 2019).

In contrast, the AKRs for fluoroscopes used for other clinical applications did not vary substan-
tially between pediatric and adult centers. For example, Figure 4-6 for general fluoroscopes illustrated
reductions of AKRs for units at pediatric sites, but the difference in the overall average AKR was not
statistically significant (P = 0.172). Similarly, with mobile C-arms, the difference in average AKR
between adult and pediatric medical centers, as seen in Figure 4-4 and 4-5, was not found to be statis-
tically significant (P = 0.247).

The reported data also demonstrate variability in the AKRs, pulse widths, and other collected
parameters across the 131 units surveyed. These variations are partly due to the distribution in the age
and design of the equipment surveyed. In addition, some differences are expected due to the relative
performance requirements among clinical exams. For example, a mini C-arm and interventional fluo-
roscope are used for very different clinical procedures, and one expects the differences in design and
performance to be substantial.

Due to its national overview and standardized protocol, TG-251 provides insight into the typical
AKR values across different-sized simulated pediatric patients. QMPs can use the collected data to
compare their measurements against typical values. For example, for a unit at the QMP’s site, how
does the AKR for a standard-size adult compare to the AKR reported here? If the results are similar,
are the results also similar for the smallest and intermediate-sized patients? As a first approximation,
the percent reductions for phantoms with thicknesses of 20, 15, 10, and 5 cm relative to the 25-cm
phantom were 50%, 80%, 90%, and 95% (see Table 8). However, it is critical to keep in mind that the
data reported cannot be used to establish DRLs. Any change in radiation dose settings must be accom-
panied by a thorough evaluation of clinical image quality (Strauss 2006b; Strauss 2015; Ubeda 2015).

4.2 Management/Configuration of Pediatric Interventional and Fluoroscopic
Imaging Equipment

Because as many as 80% of pediatric patients are imaged at adult-oriented medical centers, QMPs, as
part of a medical physics 3.0 initiative, should engage their manufacturers to obtain pediatric-specific
exam protocols and configurations for each fluoroscope in their facility. High-quality images at appro-
priately managed patient doses for all patients from the 2-kg neonate to the 100-kg adult require con-
figuration and radiographic technique changes, along with adjustments to image processing within the
fluoroscope as patient size varies. The most effective configurations of fluoroscopic equipment for
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pediatric imaging occur when the QMP and the manufacturer’s representatives work together as a
team, with the QMP identifying imaging objectives and manufacturer’s rep identifying equipment
adjustments available to address clinical needs. The process is complicated since adjustment to one
parameter may require appropriate adjustments to a number of other parameters to maintain good
image quality at properly managed radiation doses. A resource that QMPs can use to guide the config-
uration of protocols is the Medical Imaging and Technology Alliance (MITA) and Image Gently Alli-
ance publication (MITA 2015), which outlines essential questions manufacturers should consider
when designing interventional fluoroscopes intended for pediatric patients. An introduction to some of
the important considerations and elements of this type of medical physics 3.0 initiative follows along
with some references that provide more details.

State-of-the-art fluoroscopic systems provide many controls that can be accessed either in the ser-
vice mode or clinical mode of operation to customize and match the performance of the fluoroscope to
a specific diagnostic task (Miller 2010; Strauss 2006a & b). While equipment that uses factory default
settings during pediatric examinations may produce satisfactory images, depending on the patient
size, the patient dose may be greater than necessary, or the image quality may be less than optimal
based on the machine’s capabilities. In addition to frame rates and image receptor air kerma, many
parameters under “Exam Protocols” or “Organ Programs” can be configured for each specific imaging
task and saved for routine use. These parameters include, but are not limited to: focal spot size, added
Cu filtration thickness, tube voltage, tube current, pulse width, and pulse rate. In addition, various
post-processing options—such as noise reduction, edge enhancement, and default window and level
settings—can be configured. Finally, proper configuration of the automatic dose rate control (ADRC)
features introduced in section 4.4 is paramount to managing the patient’s radiation dose. This allows
users to maximize the strengths and minimize the weaknesses inherent in each manufacturer’s fluoro-
scope designs.

4.3 Purchasing/Commissioning

During a new equipment selection process, hospitals and clinics should evaluate the vendor’s ability to
configure their unit to best utilize equipment features that address the unique imaging needs of the
facility. Facilities should include a protocol configuration clause in their purchase contract that defines
expectations and deliverables by the vendor during the installation and configuration of the equipment
before its first clinical use. The contract should also define specific user expectations during the initial
and follow-up applications training sessions. A clinical team—including a radiologist (or a cardiolo-
gist for cardiac procedures), a technologist, and a QMP—is necessary to work with the vendor’s appli-
cation specialists, product specialists, and field service engineers to discuss various aspects of the
clinical configuration of the equipment (Strauss 2006b). Once optimized, protocols can be password
protected, saved, modified, copied, and installed on compatible equipment throughout the institution.
Suggested practices for managing imaging equipment from the initial identification of clinical require-
ments, equipment fluorographic planning, facility planning, construction, acceptance testing, staff
education, equipment maintenance, and repair, to decommissioning, are discussed in detail elsewhere
(Strauss 2006b).

It may not be realistic to design and optimize every protocol during the initial use of new equip-
ment. Therefore, it is necessary to establish a manufacturer-customer partnership with the vendor
whereby additional modifications and optimizations can be implemented as the site acclimates to the
equipment or when new clinical procedures are implemented. One approach toward establishing part-
nerships is to have an upfront agreement during the purchase stages that allows end-users to manage,
save, and back up protocols correctly.
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4.4 Automatic Dose Rate Control Systems

In addition to the control parameters discussed previously, radiation doses delivered to the patient are
dependent upon the configuration of the ADRC logic (AAPM 2012; Rauch 2012). The ADRC system
monitors the AKR at the input surface of the detector. It modulates the x-ray tube output to deliver the
target detector AKR during fluoroscopic or fluorographic imaging despite continual changes in the
attenuation of the primary x-ray beam due to changes in patient anatomy or beam filtration. Modula-
tion of the x-ray tube output also occurs when the distance between the detector entrance plane and
focal spot changes (NCRP Report #168).

The appropriate target AKR at the detector is not only dependent on interpreting physician
requirements (the acceptable level of noise in the fluoroscopic or fluorographic images), but also on
the type of examination, the region of the body irradiated, and the size (or age) of the patient (Strauss
2015b). Once this baseline detector AKR is established for both fluoroscopy and fluorography, modu-
lation of the base AKR should occur depending on the selected grid strategy as a function of patient
size (Strauss 2015c¢), on the selected size of the field of view (Strauss 2006a), and on the pulse rate
used during fluoroscopy (Aufrichtig 1994; Strauss 2006a).

While configurations described in this section have been demonstrated to effectively manage fluo-
roscopic and fluorographic image quality and patient dose during pediatric imaging in the clinical set-
ting, the design constraints of different manufacturers’ equipment may not permit all the described
configuration changes. It is important to note that the Food and Drug Administration (FDA) does
allow pediatric configurations to be applied to fluoroscopy devices (FDA 2017). The QMP should ini-
tiate and lead the process of exploring the feasibility and implementation of the suggested settings
described above. This is an important aspect of Diagnostic Imaging Medical Physics 2.0 and 3.0
(Strauss 2014).

5. Conclusion

The charge of this task group was to collect AKR information as a function of phantom thickness to
provide QMPs with baseline data to compare with their measured results. The reported data reflects
the state of the practice across the United States and provides a standardized method for AKR mea-
surement for various thicknesses of pediatric patient-equivalent materials. The methods and materials
are feasible for consulting and for in-house QMPs to implement. Annual compliance testing of a fluo-
roscope must do more than measure the maximum AKR of a fluoroscope to establish that the fluoro-
scope is capable of reasonably managing the AKR during fluoroscopy for patients of all sizes, which
may include small pediatric patients. A final key aspect of this report is that it describes a pathway for
QMPs, regulatory bodies, and fluoroscope manufacturers to work together toward practical quality
control methods that use phantom-based measurements to improve clinical practice.
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APPENDIX

Abbreviations and Definitions Used in This Report

Con continuous

EP electrophysiology (i.e., IRC)
FPD flat panel detector

IT image intensifier

IRR interventional radiology

IRC interventional cardiology unit

mGy/p milli-gray per pulse
QMP  qualified medical physicist

SCD source-to-chamber-surface distance
SID source-to-image-receptor distance
SSD source-to-skin distance

Std standard

Var variable
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