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RADIATION SAFETY PRACTICES IN INTERVENTIONAL RADIOLOGY:
THE IMPORTANCE OF OVERSIGHT
1. INTRODUCTION
The occupational exposure, number of procedures, and fluoroscopy time for seven
physicians was recorded to accurately reflect data that may be expected in a high volume
interventional department. The hospital in which this study was conducted performed
over 6,000 interventional procedures per year including cardiology. The seven physicians
in this study performed 533.71 procedures on average per year over the three year period.
In compliance with International Commission on Radiological Protection (ICRP) and
state regulations, the physicians wore two dosimeters; one worn at the collar outside of
the apron, and the other worn at waist level, under the apron17,29. Although the
department was compliant with wearing lead aprons and thyroid protection during
fluoroscopic procedures, the use of dosimetry badges was historically inconsistent among
staff members. During this three year study period the compliance rate with wearing the
dosimetry badges increased from 47.6% to 89.3% for these physicians. Overall, the
average fluoroscopic time per procedure decreased from 9.51±1.38 minutes to 5.05±0.94
minutes during this period due in part to the conscious attention to this factor, increased
proficiency in the techniques used, and a reduction in the annual average number of
procedures performed by this group (from 545 in 2006 to 521 in 2007). However, the
fluoro time decreased from 9.51±1.38 minutes to 7.30± 0.81 minutes even with an
increase in the average number of procedures per physician from 533.71± 192.84 in 2005
to 545.14 ± 217.51 in 2006. Individually, these physicians showed decreases in
fluoroscopic time regardless of the total number of procedures. The documentation of the
fluoroscopic time per procedure appears to have a positive effect on reducing exposure
time.
Although every department in the hospital utilizing x-ray equipment was
obligated to adhere to the training and radiation safety program, this paper will focus on
the seven physicians in the interventional department. These physicians performed the
most procedures in the department, received the highest radiation exposure, and
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potentially were at risk to exceed the annual whole body effective dose limit for
occupational workers as determined by the State regulations.
The occupational exposure data is significant as information is limited for this
group and may help researchers better assess the potential long term risks associated. The
importance of oversight of the radiation safety program cannot be overemphasized.
Operators are often so involved in the procedure that they may not realize that they are
depressing the fluoro button when it is not warranted. This group was knowledgeable
about radiation safety and used the protective equipment; however, the act of documenting
the fluoroscopic time and oversight of their practices altered their behavior and decreased
the overall exposure time to their patients. This documentation provides useful information
about interventional physicians, their workload, and occupational dose. There was no
preconceived intent to use this information as a part of a recorded document; however,
analyzing the data retrospectively emphasizes the need for epidemiological studies in the
interventional clinical setting and a consistent methodology to assess the risk involved.
The primary goals of this paper are to: 1) emphasize the importance of oversight
of the radiation safety program; 2) discuss the factors involved in implementation of an
effective safety program; 3) provide exposure data for this high risk group; and, 4)
investigate the potential effects of long term radiation exposure. The most effective
actions taken to implement this program included: trust of the physicians that the
exposure data collected would not be used punitively; documentation of procedure
fluoroscopic time; education and review of radiation safety practices; and compliance
audits.
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2. FLUOROSCOPY
The use of fluoroscopy has been integral to the practice of diagnostic radiology
for over 100 years. Fluoroscopy is a continuous x-ray imaging technique used to visualize
the body in real time. It involves directing the x-ray beam through the patient's body and
onto an x-ray sensitive fluorescent screen. Historically, most fluoroscopic procedures
were primarily diagnostic and involved relatively small risks to patients and personnel. In
the mid 1970's, the technological advances in non surgical techniques, therapeutic
interventions, and imaging equipment contributed to the specialty known as
interventional radiology. Interventional radiology (IR) is a subspecialty of radiology
involved in providing minimally invasive surgery through imaging guidance, such as
fluoroscopy. Due to the technical challenges facing the physician, these procedures may
require fluoroscopic times of an hour or more, which increases the risk of both stochastic
and deterministic effects to both the patient and operator. It is estimated that
approximately one to four million interventional procedures are performed in the United
States each year with more than 50% utilizing fluoroscopy27. In more recent years, the
aging and obese population has led to an increase in the number of cancers and vascular
diseases further increasing the number of interventional procedures performed47. The data
for this study is limited to the therapeutic procedures of the body (as shown in table 1),
exclusive of cardiology and cerebral angiography. A brief description of these procedures
is provided in Appendix A.
Table 1: Interventional Procedures58
Interventional Procedures
Percutaneous transluminal angioplasty
Radiofrequency ablation
Vascular embolization
Transjugular intrahepatic portosystemic shunt
Biopsies, catheter placement, drainage
Stent and filter placements
Thrombolytic and fibrinolytic procedures
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The largest source of occupational exposure in medicine is from fluoroscopic
procedures45. It is recognized that the risks associated to both patients and staff during
therapeutic interventional procedures are greater than for other diagnostic studies due to
the increased number, and complexity of the examinations resulting in increased
fluoroscopic time. Although the technological advances in equipment safety has resulted
in reduced exposure output, the risk of potential radiation injuries to both patient and
operator may be an unfortunate consequence of these types of studies. It is imperative
that operators of the imaging equipment understand the basic principles of radiation
safety and have knowledge of the technical parameters and components of the
fluoroscopic system to reduce radiation exposure. Physicians must also possess a basic
understanding of radiation physics, radiobiology, image formation, and an awareness of
the circumstances in which the risk of radiation-induced injury is increased. Keeping
radiation to a minimum to accomplish the task at hand is referred to as ALARA, or "as
low as reasonably achievable." To ensure that the benefit of the procedure outweighs the
potential consequence, this principle must be enforced.
Implementing safe radiation practices is not a static issue, and requires ongoing
oversight of physician training, compliance, and operating procedures which should be
viewed as the standard of care.
2.1 Fluoroscopic System Components
Although there are other imaging modalities used to compliment interventional
radiology, such as computed tomography (CT) and ultrasound, fluoroscopy is the
dominant imaging tool. There are many designs of fluoroscopic systems, but today most
interventional suites are a comprised of a fixed C-arm (either single or bi-plane)
configuration comprised of an x-ray tube, fluoro table, image intensifier, automatic
brightness control (ABC), various operation modes, and a digital recording system.
Figure 1 depicts a diagram of typical fluoroscopic system components.
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Figure 1: Components of a typical fluoroscopic system42. Courtesy of Scott Sorenson.

Courtesy of Scott Sorenson

The U. S. Department of Health and Human Services, Food and Drug Administration
(FDA) sets the x-ray equipment performance standards for diagnostic radiation emitting
products and the service engineer and physicist should perform periodic surveys to ensure
compliance51. Even with compliance to the equipment performance standards, the
potential risk of injury exists to both patient and staff without appropriate operator
training. Physicians operating the fluoro system must be aware of the equipment controls
that can be manipulated to produce diagnostic quality images while keeping patient dose
to a minimum. These controls include: the technical factors that affect dose; fluoroscopy
time, and limitation of the number of digital images obtained. Doing so also helps to
reduce dose to the operator and ancillary staff.
The x-ray generator controls the quantity and quality (energy) of the x-rays
produced which are important factors that contribute to patient dose. There are three basic
controls to the an x-ray generator: 1) peak kilivoltage (kVp) refers to the voltage applied
across the x-ray tube and affects the quality and intensity or energy of the x-ray spectrum;
2) milliamperage (mA) refers to the current across the x-ray tube and controls the
quantity of x-rays produced; and 3) the timer controls the duration of the exposure or the
"beam on time".
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2.2 Operating Modes
In fluoroscopy, the operator may select either continuous or pulsed mode
exposure rates. The generator provides a steady tube current in continuous mode, and
images are acquired at a rate of 30 frames per second, resulting in an acquisition time of
33 msec per image. There are usually three fluoroscopic settings that can be selected by
the operator generally, low, medium, and high, with the dose outputs ranging from 2-10
roentgens per minute. A high dose mode is also available that doubles the output, with a
FDA regulatory limit of 20 roentgens per minute. When the high dose mode is engaged
visual and audible signals are activated, alerting the operator that this mode is being used.
Refer to appendix B for the more detail in reference to exposure.
There are generally three choices available in the pulsed fluoroscopy, 30, 15, and
7.5 pulses per second. Typically, a pulse rate of 30 pulses per second is used, with the
exposure delivered in short pulses of 3–10 msec in length. Due to the decreased
acquisition time, temporal resolution is improved, and on some systems radiation dose is
reduced43. A medical physicist or service engineer should be involved to validate the
circuitry controlling the pulsed fluoro mode and the resulting radiation output, as some
manufacturers increase this parameter to improve the image quality, resulting in higher
than average dose than anticipated.
2.3 Automatic Brightness Control
The manipulation of the kVp and mA settings in most modern fluoroscopic
systems is controlled by the automatic brightness control (ABC). The circuitry in the
automatic brightness control system is designed to alter either the kVp or mA as the
attenuation of the x-ray beam changes depending on the body part examined. When a
thicker region is imaged, more x-rays are attenuated so fewer x-rays are transmitted to the
screen, decreasing the brightness and visual acuity. The automatic brightness control
system senses the decrease in light output to the image intensifier and a signal is sent to
the x-ray generator to increase the kVp, mA, or both, depending on the design of the
system. The Food and Drug Administration (FDA) standards require that the kVp and
mA are continuously displayed on the fluoro control panel51. Increasing the mA
increases the dose to the patient and a high kVp results in a decrease in the contrast on the
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images, so a balance between the kVp and mA settings must be made to produce an
acceptable image while keeping patient doses low. The maximum range kVp and mA
settings are typically set at the control panel of the unit, with the operator capable of
manipulating the magnification modes, exposure time, collimation, and tube position.
The only component that the operator has no control over is the patient size. This is an
important factor to be conscious of as larger patients may increase the dose output by a
factor of 10 or more58. This increases the exposure to the patient as well as the operator.
2.4 Image Intensifier
X-rays exit the patient and interact with the image intensifier which converts the
transmitted x-rays into a visible light image. The image intensifier is encased in a vacuum
container and is located directly opposite of the x-ray tube. The four major components
of the image intensifier are: the input window; the input phosphor, which converts the xrays to light photons and then back to electrons within the photocathode; the electronic
focusing lenses; an accelerating anode; and an output phosphor, that converts the
electrons to visible light that are captured by various imaging devices59. Several thousand
light photons are produced for each x-ray that reaches the input phosphor which results in
lower patient dose as compared to early fluoroscopic units. A diagram of an image
intensifier is shown in figure 2.
Figure 2: Image Intensifier Components59.
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2.5 X-ray Interactions
There are three basic x-ray interactions that occur within the patient that
contribute to dose and image production. A portion of the x-ray beam is absorbed by the
patient contributing to patient dose, and approximately 5%-15% is transmitted to form
the image. Most of the x-rays are emitted in all directions from the patient as primary
scatter radiation contributing to staff dose. Scattering involves a partial transfer of energy
to tissue, with the resulting scattered x-rays having less energy and a different trajectory.
Scattered radiation degrades image quality and is the primary source of radiation
exposure to operator and medical staff2.
Only 1% of the x-rays yield useful information to form the image. The remaining
99% of the x-rays generated are either absorbed within the patient or scattered throughout
the examination room. By reducing the distance between the image intensifier and the
patient, x-rays have a better chance of reaching the image intensifier thereby reducing the
dose rate. Although more scatter radiation reaches the image intensifier which may result
in decreased image quality, it is widely accepted that minimizing the distance between
the image intensifier and the patient results in lower dose and less scatter to the head and
upper extremities of the operator58. Figure 3 depicts the relationship of the image
intensifier and effect on scatter radiation.
Figure 3: Positioning of the Image Intensifier and effect on scatter radiation2. Permission
from RSNA.
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An important factor in reducing the risk of patient radiation induced skin injury is
to keep the x-ray tube as far from the patient's skin as possible. Utilizing the principle of
the inverse square law, whereby the radiation intensity decreases proportionately with the
square of the distance, small changes in position of the operator and x-ray tube in
relationship to the patient have a great impact on reducing dose to both patient and
operator2. The National Council on Radiation Protection and Measurements (NCRP) 102
requires fixed fluoroscopic systems to have a minimum distance between the x-ray tube
and the patient of no less than 38 centimeters34.
2.6 Collimation
Collimation is an important consideration in fluoroscopy and can be controlled by
the operator. Due to the prolonged fluoro time associated with interventional procedures,
adjacent areas may be irradiated unnecessarily if proper collimation is not employed.
Limiting beam size by using the collimators provides many benefits: the patient receives
less total radiation exposure since less tissue is in the radiation beam; the medical
personnel receive less radiation exposure since there is less scatter radiation; and reduced
scatter radiation hitting the image intensifier results in improved image quality.
The x-ray field changes as the distance between the x-ray tube and the image
intensifier changes which is dependent on the thickness of the anatomy in the field of
view. The FDA regulations require that collimators automatically adjust to conform to
the size of the input phosphor. The length and width of the x-ray field in the plane of the
image receptor must not exceed that of the visible area of the image receptor by more
than 3% of the source to image distance; otherwise, the volume of patient tissue
irradiated would exceed the viewing area resulting in excessive, needless exposure51. The
operator should reduce the field further for the benefits as described previously. Figure 4
illustrates the effect that collimation has on tissue irradiation.
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Figure 4: Collimation effect on tissue irradiation58. Courtesy of Scott Sorenson.

2.7 Magnification Modes
There are two methods to achieve magnification of the image during a
fluoroscopic procedure, geometric and electronic; however, both increase the radiation
exposure output. Geometric magnification can be achieved by moving the patient closer
to the x-ray tube or the image intensifier further away resulting in a larger image on the
monitor. However, this increases the dose to the patient and may lead to possible
increased risk of a skin injury26.
Electronic magnification is achieved by manipulating a smaller radiation image
intensifier input area over the same image intensifier output area. This results in a
reduction in radiation input to the image intensifier which results in lowering the image
brightness. The automatic brightness control system compensates for the lower output
brightness by increasing radiation production which increases the exposure to both the
patient and staff. In normal mode operation, there is little magnification with the whole
beam used to generate a bright image. In magnification mode, a smaller beam area is
projected to the same image intensifier output. The resulting object size is larger, but the
image is dimmer due to less beam input. The automatic brightness control system would
sense the brightness loss and either boost the machine milliamperage, increase tube
voltage, or a combination of these two factors. The use of magnification modes should be

11
kept to a minimum to reduce dose to both the patient and staff26. Figure 5 demonstrates
the relationship between magnification mode and the ABC.
Figure 5: Relationship between magnification mode and the ABC58. Courtesy of Scott
Sorenson.

2.8 Beam on Time
Radiation exposure during fluoroscopy is directly proportional to the length of
time the radiation is activated. Unlike diagnostic x-ray units, fluoroscopic units do not
have an automatic timer to terminate the exposure after it is activated. The Food and
Drug Administration (FDA) standards require that x-ray production in the fluoroscopic
mode is controlled by a device which requires continuous pressure by the operator for the
duration of the exposure51. Most operators in interventional suites utilize a foot switch as
their hands must be free to perform the procedure. The "beam on time" corresponds to the
actual amount of time that the exposure switch is depressed, and the FDA regulation
requires the use of a 5 minute alarm system. After 5 minutes of exposure time, a
continuous audible signal sounds until it is manually reset; however, the timer does not
terminate the production of x-rays51. The functionality of the timer must be checked
during the physicist survey as it can be disconnected, which is a safety violation.
The exposure time depends on many factors such as the complexity of the
procedure, the anatomy and condition of the patient, and the expertise of the
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fluoroscopist. From a safety perspective, the exposure time is an important generator
control and by decreasing this factor, it is the one of most effective ways to reduce patient
and operator dose. Documentation of the fluoro time, when other equipment dose
monitoring techniques are lacking, can help to minimize the total time49, 17, 50. Reductions
can also be realized by utilization of last image hold, video recording, and pre-planned
positioning before activating the x-ray control30, 45. Use of these modes allows the
operator to view a static image at leisure, avoiding continuous patient and staff radiation
exposure caused by constant fluoroscopy use.
Education about the fluoroscopic equipment components and the factors that
contribute to dose are important for the operator to understand as they can manipulate
many of these variables. The only parameter that cannot be controlled is the size of the
patient. As well, special attention to the three fundamental radiation safety principles of
time, distance, and shielding are important concepts that can be used to significantly
reduce occupational exposure in clinical practice.
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3. RADIATION SAFETY REGULATIONS

The regulation of occupational safety, inclusive of radiation control, overlaps
between agencies within the federal and state governments. Although the United States
Department of Labor, Occupational Safety and Health Administration (OSHA) has
jurisdiction for occupational safety, state regulatory agencies typically have responsibility
for the enforcement of the regulations for radiation safety52. Equipment standards for
radiation producing devices are set by the Food and Drug Administration (FDA), Center
for Devices and Radiological Health (CDRH); however, the occupational dose limits for
radiation safety are specified by the Nuclear Regulatory Commission (NRC)53. The NRC
is a federal agency that regulates the commercial and institutional use of radioactive
materials including nuclear power plants. There are 37 states, called Agreement States,
(appendix D) that the NRC has granted authority to regulate all sources of radiation in the
state except nuclear power plants, high level radioactive waste, and large quantities of
certain nuclear material. The Conference of Radiation Control Program Directors
(CRCPD), a non-regulatory organization, whose members are mostly the heads of the
state-controlled radiation control programs, developed the Suggested State Regulations
for the Control of Radiation (SSRCR) combining the federal radiation regulations into
one document9. The State radiation control programs are required to implement
inspection procedures and compliance with the NRC rules for radioactive material, and
generally follow the SSRCR guidelines for other radiation sources.
3.1 Regulatory Dose Limits
According to NRC and State regulations, radiation exposure must be monitored
for occupational workers that have the potential to exceed 10% of the annual limit to the
portion of the body exposed53, 9. The regulatory exposure limits utilize an assumption that
radiation doses below the stated levels are an acceptable risk for occupationally exposed
personnel and the general population within the lifetime of the exposed individual. These
acceptable risk levels have been set based on comparisons to other risks in our society
such as occupational hazards in other industries as well as general environmental hazards.
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There are no regulatory limits for patient exposures, but FDA guidelines and our
professional understanding of radiation effects dictate minimizing patient exposures
which also have the net effect of minimizing medical personnel exposures. The NRC
regulatory limits for occupational and public radiation exposure are depicted in Table 2.
See Appendix B for more detail on dose definitions and units.
Table 2: NRC regulatory dose limits53.
Occupational
Annual Dose Limit (mrem)
Whole Body, Effective Dose Equivalent
5,000
Skin, Individual Organs, Extremities
50,000
Lens of the Eye
15,000
Members of the Public
100
Embryo/Fetus*
500
* The embryo/fetus of an occupationally exposed declared pregnant woman.

The quantity of effective dose equivalent is used to describe both internal and
external radiation exposure and is the quantity recommended by the International
Commission on Radiological Protection and the National Council on Radiation to assess
stochastic risk17, 35. Effective dose is used to relate the risk associated with non-uniform
dose to that associated with an equivalent uniform whole-body dose38. However, the
NRC requires that the quantity of deep-dose equivalent be used for external exposures to
individuals from radiation sources53, 9. Using the quantity of deep dose equivalent
assumes that the external exposures are whole body irradiation when the head and upper
extremities are exposed, not taking into consideration the organ weighting factors for
these tissues. The total effect dose equivalent (TEDE) is the quantity used for deep dose
external sources for radiation and the annual occupational TEDE limit is 5 rem (0.05 Sv)
as described by the NRC48.
To monitor personnel dose from external radiation, the NRC requires radiation
workers wear a dosimeter at the location at which the individual receives the highest deep
dose equivalent, and the exposure is considered to have been received uniformly by the
whole body. This value does not take into account the use of lead aprons that offer
protective shielding to most of the body during a fluoroscopy procedure. The State
radiation control programs must incorporate the NRC regulations, but may offer
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alternative methodologies as suggested by the CRCPD to calculate effective dose when
deemed appropriate.
3.2 Determination of Occupational Dose
In this study, the State radiation control program used the dose on the collar
dosimeter worn outside of the apron as the regulatory limit. Research by Faulkner and
Marshall, suggests that a dosimeter worn above the lead apron, depending on the
exposure conditions, will overestimate effective dose by a factor of between two and
sixty13. Their study also concluded that a single dosimeter cannot accurately reflect the
effective dose for all fluoroscopic conditions, but one worn under the apron at the waist
or chest level results in a closer estimate (typically an underestimate) within a factor of
seven13.
The CRCPD has allowed special allowances for fluoroscopists through the
SSRCR that combines the NRC rules for determining the effective dose equivalent based
on a fluoroscopist wearing an apron9. The SSRCR optional rules apply to interventional
fluoroscopists that may exceed the annual limit of 5 rem (50 mSv) obtained as a result of
their normal workload. To apply this rule, two dosimeters must be worn, one at the collar
outside the apron, and one under the apron of 0.5mm lead equivalent giving a more
accurate estimate of whole body dose. The equation from Webster35 HE = 0.04(N) +
1.5(W) where HE is the effective dose equivalent, N the unshielded neck and W the
shielded waist deep-dose equivalent values, was derived from research of Faulkner and
Harrison who analyzed data on the relationships of effective dose equivalent, peak tube
potential, and apron thickness for a fluoroscopic geometry33, 12.
If only one dosimeter is worn, the SSRCR also allows an estimation of effective
dose equivalent from a single unshielded neck dosimeter from the relationship HE =
0.3(N). Although the application of the 0.3 factor overestimates the product of the
weighted values for two dosimeters, it provides a better estimate of the dose than the
unshielded collar badge exposure worn at the neck9. The neck dosimeter may also be
used to estimate eye dose when protective eyeglasses or protective shields are not
utilized. Wearing leaded glasses and the utilization of portable eye shields follows the
ALARA philosophy and should be implemented for interventional physicians39.
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The accuracy of estimating occupational effective dose from personal dose
monitors is complicated. There are several other alternative methodologies suggested in
the literature to determination effective dose to medical personnel from dosimeter
readings that are performing high dose fluoroscopic procedures. Table 3 depicts several
alternative effective dose methodologies.

Table 3: Alternative methodologies for determining effective dose in fluoroscopy.
Author
Niklason et al(with thyroid shield)38
Marshall and Faulkner13
NCRP Webster (2 badges)35
SSRCR/CRCPD (1 badge)9

Methodology
Deff = 0.02(Hos – Hu)+ Hu
Ho /32
He=0.04(N)+1.5(W)
HE = 0.3(N)

Deff = effective dose; Hos = dose outside apron at neck; Hu = dose under apron at waist;
Ho = total dose; E = effective dose; Hw = waist effective dose; Hn = neck effective dose;
He = effective dose; N = neck; W = waist
Research by Martin determined there are uncertainties of ±40% in the relative
values of effective dose for the reference patient and that the actual dose may be higher or
lower for an individual28. However, Martin contends that effective dose can fulfill an
important role for medical exposures as it is the only general dose quantity for which an
attempt is made to link the risk of health effect28. Monte Carlo simulations studies may
prove to be a useful tool in the future to improve this data for risk assessment44.
Currently, facilities must enforce the NRC regulation or the adopted rule by their
state radiation control programs for the determination of effective dose for all personnel
working in fluoroscopy. Due to this fact, exposure data for this group is not consistent
and therefore difficult to compare.
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4. BIOLOGICAL EFFECTS OF RADIATION
The benefit of the procedure versus the potential risks of medical radiation
exposure must be carefully considered and is the challenge of radiology. The operator of
the fluoroscopic machine must be knowledgeable of the risks involved to the patient as
well as themselves to minimize these effects. A basic understanding of the factors that
influence the biological effects from radiation exposure include: the quality of the
radiation; mechanism of cell damage; radiation absorption; acute versus chronic
exposure; and the total area and type of tissue exposed.
4.1 Radiation Quality
Different types of radiation produce the same type of biological effects. However,
the magnitudes of the effects can be very different even though the doses imparted are
identical. The extent of the biological damage inflicted by a given radiation type
increases with the linear energy transfer (LET) of the radiation18. LET is a measure of the
amount of energy transferred by charged particles per unit distance. The more energy lost
per unit distance, the higher the LET and the greater the density of ions and free radicals
along the charged particle track. In radiation protection the difference in the effects of
different types of radiation is indicated by a quality factor19. The quality factor, Q, is
multiplied by the dose to obtain the dose equivalent. For x-rays, the quality factor is 1.
Dose equivalent is intended to reflect the biological damage produced by a given dose
from a specific type of radiation. The ICRP established the radiation quality factor in
ICRP-26; however, this has been replaced by the radiation weighting factor, WR in ICRP
60, and the term dose equivalent has been replaced with effective dose20. Table 4
summarizes the ICRP 60 radiation weighting factors and radiation type.
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Table 4: Radiation type and application radiation weighting factor, ICRP 6020.
Radiation type and energy
Photons, all energies
Electrons, myons, all energies
Neutrons

Radiation weighting factor WR
1
1

< 10 keV
10 keV to 100 keV
> 100 keV to 2 MeV
> 2 MeV to 20 MeV
> 20 MeV
Protons > 2 MeV
Alpha particles, fission fragments,
heavy nuclei

5
10
20
10
5
5
20

4.2 Radiation Biology
X-rays interact with biological material by transferring their energy to an electron,
which then travels through the cell ionizing or exciting the molecule it comes close to. A
direct effect is when the electron interacts directly with the DNA or other structures of
the molecule that may result in chromosomal damage. Indirect effects are the result of
interaction of the electrons with the water molecule resulting in radiolysis which may
lead to DNA damage. Indirect effects dominate for low linear energy transfer (LET)
radiation, such as x-rays15.
Radiosensitivity is a function of the cell cycle and according to the "law" of
Bergonie-Tribondeau, is highest in undifferentiated and actively proliferating cells,
proportionate to the amount of mitotic and developmental activity which they must
undergo. Cells can sustain a variable amount of radiation and still repair themselves from
sublethal damage. Continuous high intensity radiation, however, produces greater
damage than an equivalent fractionated dose, since fractionation allows time for cellular
repair. Although this "law" has it uses, it actually describes the rate in which the effect
occurs in the various tissues, not its magnitude3. A complete description of
radiosensitivity in tissue is provided in Appendix D.
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4.3 Stochastic and Non Stochastic Effects
The biological effects associated with radiation are generally classified into two
groups: stochastic or non- stochastic. Non- stochastic or deterministic effects are those
where a threshold for injury exists and the severity of the injury increases as the dose
increases. In reference to patient exposure during fluoroscopic medical procedures, the
time frame for the onset of symptoms varies depending upon how the dose is delivered,
the technique used, the area of the skin exposed, and the skin condition prior to the
exposure. The dose is generally delivered in acute doses (minutes, hours, or days) and
symptoms may occur within minutes to several years. Epilation, erythema, cataracts, and
death are examples of non- stochastic effects58.
Stochastic or random effects are those where the probability of an effect occurring
increases with dose, as opposed to the severity of the injury. Stochastic effects are those
which can be predicted for populations but not to individuals. For stochastic effects of
radiation exposure, it is theorized that injury to a single cell has the potential to cause
genetic effects or radiation induced cancers4. However it is uncertain that cancer will
result, even in high exposures. Conversely, there is no threshold below which it is certain
that an adverse effect cannot occur. According to the Biologic Effects of Ionizing
Radiation (BEIR) VII report, current scientific evidence supports the linear dose-response
relationship between exposure to ionizing radiation and the development of solid cancers
in humans16.
4.4 Patient Effects
Due to the complexity of interventional procedures, there is a greater degree of
risk of radiation injury to the patient than from other diagnostic studies. In the past
decade, there has been a significant increase in documented cases of patient radiationinduced skin injuries undergoing prolonged fluoroscopically guided procedures. Due to
this fact, the Center for Devices and Radiological Health (CDRH) of the Food and Drug
Administration (FDA) in 1994 issued a public health advisory49. Before 1990, there were
only two documented cases of radiation induced injuries to patients as procedures were
mainly limited to gastrointestinal (GI) fluoroscopic studies with relatively short exposure
times. With the technological advances in imaging equipment and the increased
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exposure time of the interventional procedures, patients and personnel are exposed to
greater levels of radiation. Koenig et al. documented 71 radiation-induced injuries from
cardiac and interventional procedures and the number of patient injuries is likely to be
higher as patients may not recognize the association between the injury and the
interventional procedure24.
The FDA advisory warned facilities performing high risk procedures about the
potential risks to patients from prolonged fluoroscopy and recommended that: 1) a
fluoroscopy credentialing program be implemented; 2) fluoro time and imaging
parameters be recorded in the patient's record to help estimate absorbed skin dose; and, 3)
a policy of counseling and follow-up care be implemented for those patients reaching an
entrance skin dose threshold of 1 Gy49. In facilities that do not have the capability of
determining absorbed dose, fluoroscopic time thresholds were recommended. The factors
utilized to reduce patient dose include reduction in the exposure time, the use of
automatic brightness control, limited use of magnification modes, and decreased
collimation. Thresholds for various radiation skin injuries and the onset of the effect are
detailed in table 5.
Table 5: FDA Threshold Skin Entrance Doses for Various Skin Injuries58.
Effect
Early transient erythema
Main erythema
Temporary epilation
Permanent epilation
Dry desquamation
Moist desquamation
Secondary ulceration
Late erythema
Ischemic dermal necrosis
Dermal atrophy (1st phase)
Dermal atrophy (2nd phase)
Induration (invasive fibrosis)
Telangiectasia
Late dermal necrosis
Skin cancer

Dose(Gy)
2
6
3
7
14
18
24
15
18
10
10
10
10
>12?
—

Onset
Hours
10 days
3 wk
wk
4 wk
4 wk
>6 wk
8-10 wk
>10 wk
>12 wk
>1 yr
>1 yr
>1 yr
>5 yr
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The thresholds listed above in the clinical practical setting are hard to assess,
especially since most machines do not list the dose output and the exposure may not be
concentrated on a single area of the skin for a prolonged time period. Also, since there are
many variables involved (such as condition of the skin exposed, size of the patient, total
area exposed, and equipment settings), these time periods and thresholds for the onset of
effects should not be considered exact. Total exposure time is a good parameter to gauge
for skin injury, and estimates can be made based on typical or normal settings and high
dose settings. The range for radiation output rate for average adults is between 2 -5
roentgen per minutes (R/min) while for larger patients it may range from 8 R/minute to
the maximum of 10 R/minute. A small patient (output 2R/min) may see skin effects in
100 minutes of fluoro, whereas a larger patient (output 10R/min) may experience the
same effect in 20 minutes. In those patients requiring even higher doses rates (10 R/min 20 R/min), the resultant time for a possible effect is much less48. Although the use of
fluoro time as means to control exposure may not give the exact dose to the patient, it is a
controllable parameter and should be documented. Further assessment of skin injury to
the patient if appropriate, should be performed by a medical physicist to approximate the
dose utilizing the duration of the exposure and the parameters used.
The skin injury effects listed in table 5 refer to a partial body exposure as opposed
to a whole body dose. Exposure of the entire body to such levels of radiation would cause
severe radiation damage known as acute radiation syndrome, and levels of approximately
4 Gy would result in death to 50% of those exposed within 60 days without medical
intervention15.
Stochastic effects, specifically radiation-induced cancers, are late effects due to
low doses of radiation that remain dormant and then become evident 10-50 years after the
exposure. It is very difficult to establish a direct relationship with the event as radiation
does not often produce specific “radiation- induced” cancer types, but increases the
incidence of other already naturally-occurring cancers3. It is estimated that patients
undergoing two interventional procedures per year may receive a dose between 10mGy
(1 rad) and 300 mGy (30 rad)16. However, this data did not include therapeutic
interventions which are generally more complex procedures resulting in higher radiation
exposures to the patient.
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There is considerable scientific controversy in specifying stochastic radiation risk
estimates, but the prevailing scientific opinion is that cancer risk is linear with the
absorbed dose and that there is no dose threshold for cancer induction46, 21. The linear nothreshold-dose-response model, used in radiation protection guidance documents, states
that no level of radiation is too small to produce some risk, and doubling the absorbed
dose will double the cancer risk. The probability that radiation exposure will cause a
stochastic effect cannot be determined conclusively as the spontaneous rate of developing
a cancer for a non-radiation worker is approximately 20% in the United States population
from all sources36. There is increasing evidence that genetic and biologic factors can
influence radiation cancer risk and may be important to consider in the context of highdose medical exposures, however this understanding is limited. For estimates of
population-based, low-dose risks, the impact of genetic effects are not considered
significant16.
The incidence of serious birth defects (infant mortality or severe
disability) in humans has been estimated as 6% in the current literature15. Although
radiation-induced hereditary effects have been demonstrated in animals, studies
conducted on Japanese atomic bomb survivors who were exposed to large doses of
radiation found no more genetic defects than the would spontaneously occur naturally.
According to the BEIR VII report, the risk of adverse heritable health effects to children
conceived after their parents have been exposed to low dose LET radiation (< 100mSV)
is very small compared to baseline frequencies of genetic diseases in the population16.
Operators performing interventional procedures must be judicious about the use
of fluoro to reduce the risk of radiation induced injuries and latent effects associated from
these types of procedures.
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5. OCCUPATIONAL RISKS FOR THE INTERVENTIONAL PHYSICIAN
The largest source of occupational exposure in medicine is from fluoroscopic
examinations, and it is widely accepted that the risks associated with interventional
procedures are greater than for other radiological studies46,11. There are many factors that
influence the amount of scattered radiation reaching the interventional staff. These
include the size of the patient, the equipment settings, staff position relative to the patient
and the x-ray tube, and the skill of the operator11. To help operators minimize dose,
training in radiation protection and education about the technical factors influencing
exposure are essential. Due to examination complexity, the required proximity of the
operator to the patient, and the need to maintain a sterile field, the common radiation
protection principles with regard to time, distance, and shielding are difficult for
operators to fully implement. High radiation doses in interventional radiology are
attributed to increased volume, procedure difficulty, and individual radiologist
workload1,62 .
Physicians performing these studies should be concerned about the potential
adverse effects that are associated with radiation, such as an increased incidence of
cataracts, cancers, and possibly other diseases55,23. However the magnitude of these risks
is not well known as data for this high risk group is limited. The data that exists may
underestimate the true occupational risk as it is recognized that the regular use of
personal dosimeters and the use of a single dosimeter under the apron is lacking. Due to
this fact, staff doses in interventional radiology and cardiology for non- protected organ
or tissues are not well documented for interventional medical personnel56. There is no
mandatory national occupational dose reporting requirement, and some radiation
protection programs may be lacking in oversight, contributing to the non-compliance.
The linear no-dose threshold model holds that the risk of developing radiation
induced effects increases linearly with increasing dose. Recent reports on the biologic
effects of radiation reaffirm the utility of this model when assessing the risk for
developing solid cancers from radiation exposure46, 21. Radiation doses of less than 100
rem (1Sv) have been associated with an increased incidence of nervous system tumors in
atomic bomb survivor studies41.
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Although it might be expected that interventional physicians have an increased
risk of developing cancer, there are no conclusive data supporting this notion although it
is suggestive14. Due to the fact that the brain is one of least protected organs during the
performance of these studies, alarm in the interventional community has been heightened
as hematologic malignancies and brain cancers to physicians have been anecdotally
reported in the literature60, 14, 5. There is no clear evidence of an increased risk of
developing cancer among radiation works today; however, epidemiological studies of
radiation workers from pre 1950's period report increased risk of leukemia, skin, and
breast cancers from radiation exposure63. The data reported from that time period may
not accurately reflect the risk today. Updated equipment safety features have been
implemented such as limiting the output exposure and additional shielding. However, the
procedures performed today are much more complicated, requiring prolonged fluorotime,
and varying operator positions. Institutions with physicians performing interventional
procedures must provide a program of oversight and enforcement of wearing dosimeters.
According to the BEIR VII report, the limited studies that are in the literature for
radiologists and other medical personnel physicians provide minimal information useful
for the quantitative estimates of radiation-related risks. Individual dose data is needed for
this high-risk group throughout their career to assess the cumulative risks that may be
associated with current trends in radiation exposure25.
The data from the Hiroshima and Nagasaki bombings of World War II concluded
that the risk of fatal cancer due to whole-body x-ray exposure is approximately 0.04% per
rem for levels encountered in medical settings. Even though it is uncertain if there is a
lower threshold dose for the cancer induction, the recommended occupational safety
guidelines assume a linear dose response16. The occupational limit of 5 rem (50mSv)
would be associated with an increased risk of 0.2% per year compared to the lifetime risk
of a spontaneous occurrence36, 32. Table 6 lists the estimated probabilities for developing
fatal cancer from lifetime dose equivalent.
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Table 6: Estimated Probabilities for Developing Fatal Cancer From Lifetime Dose
Equivalent25, 32*
Lifetime Dose
Equivalent (rem)†
0.1
1.0
10.0
100.0

Fatal Cancer
0.004%
0.04%
0.4%
4.0%

* Table reproduced from data from Moore57. †As measured outside lead shielding,
without use of thyroid shielding; Note that the true dose equivalent may be
overestimated by a factor of nearly 6.
Occupational risks are not limited to stochastic effects. Due to the fact that the eye
lens is relatively radiosensitive, cataract formation has been associated and is well
documented as a radiation-induced complication55. Although a common ailment in older
adults, radiation-induced cataract formation can be distinguished from age-related
cataracts because they form at the back of the lens capsule commonly referred to as the
posterior subcapsular aspect of the lens, decreasing contrast sensitivity before affecting
visual acuity.
The National Council on Radiation Protection and the International Commission
on Radiological Protection assumes that the minimum dose required to produce a
detectable cataract is approximately 2 Gy in an acute exposure, and 5 Gy for fractionated
exposures21. Using 19 years of cataract formation data from the Hiroshima, Japan atomic
bombings, the NCRP and ICRP suggested for radiation protection purposes that the
threshold dose for radiation-induced cataract have a limit of 1.5 Gy21, 40, 31. However, this
recommended threshold for the development of cataracts in humans is being challenged
in recent research8,37,10. Nine studies by Worgul et al., reported low grade cataract
formation after doses of less than 1 Gy in Chernobyl survivors, and reanalysis of cataract
prevalence using the 2002 Dosimetry System (DS02) among the atomic bomb survivors
provided no significant evidence for a dose-response threshold8, 61. The annual
occupational dose limit set by the NRC for the lens of the eye is 15 rem (.015Sv) 53.
Related to interventional procedures, in the late 1990's Vano et al. reported
cataract formation and lens injuries in several interventional physicians associated with
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non- optimized equipment and poor radiation safety practices, emphasizing the need for
education and oversight55. However, in this study, the positioning of the fluoro x-ray tube
above the table contributed to the eye injuries, which is not the current protocol in
standard IR procedures today. Follow up to this study revealed a 10 fold reduction in
effective dose for those physicians as evidenced by those that wore their dosimeters, due
to optimization of radiation safety practices56. Physician education and training were the
most effective action to reduce occupational exposure.
More recently in 2003, the Society of Interventional Radiology conducted a
research study to evaluate radiation-induced posterior subcapsular cataract (PSC)
formation. The results presented at a special session during the 2004 Radiological Society
of North America (RSNA) meeting, revealed that half of the physicians screened had
signs of radiation-induced eye related changes22. Of the 59 radiologists in the study,
posterior subcapsular cataracts were found in 8% of the participants and 37% showed
early signs of radiation damage. One interventional radiologist had undergone cataract
surgery prior to the screening. The study recommended the use of radiation eye
protection such as leaded glasses, as well as procedural modifications to reduce exposure
time as PSC damage in practicing interventional physicians in their early thirties and
forties was identified.
The hands of the interventionalist receive the highest radiation exposure during
angiographic procedures due to the proximity of the hands to the x-ray beam.
Unfortunately, hand exposures are generally not monitored, although it is highly
recommended. In the late 1800's and early 1900's the first cancers due to radiation
exposure reported were skin cancer of the hand in x-ray technologists, physicians,
physicists, and dentists. Dentists who routinely held x-ray film in their patients’ mouths
were found to develop skin changes and cancers, many leading to amputation of their
fingers15. While there are leaded gloves available for the interventional physicians, they
provide only limited shielding capability, may interfere with the procedure, and gloves
may be counterproductive. If the gloves are placed in the x-ray beam the radiation dose
output is increased thereby increasing dose to both patient and operator. Training about
safe hand positioning, reducing the exposure time, and appropriate fluoroscopic settings
are key factors to reducing exposures to the hands25.
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These findings reveal the significance of education, training, and a diligent safety
program to accurately assess the radiation dose that interventional physicians are
receiving so that the data can be analyzed to evaluate current occupational dose
guidelines and to make more accurate risk determinations.
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6. PROGRAM IMPLEMENTATION
The task of implementing an effective radiation safety program for a large
teaching facility is quite an undertaking, as the oversight and evaluation of the program
takes time and commitment. As more specialists outside of radiology use fluoroscopic
equipment it is essential that the medical personnel operating the systems are
knowledgeable about radiation safety to reduce the known risks associated for patients,
themselves, and other staff members. Radiation safety is not a static issue, but one that
needs and requires constant attention by the personnel operating the units and in some
instances, by the regulating authority.
To develop the radiation safety program at this institution, baseline evaluations of
equipment performance, individual physician safety practices, and review of the
occupational exposure history were conducted. After the initial evaluation, meetings were
set up with the radiology administrator and department chair to discuss the deficiencies
noted and to implement a corrective action plan. A one-hour didactic fluoroscopic
training lecture followed by a competency test was instituted using "Minimizing Risks
from Fluoroscopic x-rays: Bioeffects, Instrumentation and Examination"58. Each
department utilizing flouro equipment were subject to a clinical hands-on evaluation to
ascertain if they understood the basic components and safety features of the fluoroscopic
system in their department. The number of procedures per physician, exposure time per
procedure, and dosimetry readings were documented. This program was implemented
hospital wide; however, only the interventional physicians are discussed. This group was
the least compliant with wearing their badges although they had the greatest potential to
exceed the occupational dose limit. The license agreement for the training manual is
included in the reference documents.
6.1 Equipment Performance Evaluation
The interventional laboratory at this institution at the time that these data were
collected was comprised of three federally certified fixed Toshiba C-arms and two biplane angiographic rooms for a total of 5 fluoroscopic x-ray tubes. The angiographic
units were evaluated initially in 2004 and annually thereafter for compliance according to
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Title 21 of the Code of Federal Regulations (21 CFR) for system performance51. The
exposure output was measured for each mode of operation and then posted at the image
intensifier and control panel for reference. The regulations require that fluoroscopic
radiation output is limited to an exposure rate of 10 Roentgens per minute in regular rate
mode and 20 Roentgens per minute for high dose rate mode51. There is no regulation
controlling the output of digital runs which exceeded 200 Roentgen per minute when
measured for this equipment.
The Toshiba systems offered fluoroscopic settings of 7.5, 15, and 30 pulses per
second. As stated previously, the assumption in radiation safety is that utilizing the pulse
mode of operation reduces the exposure output compared to continuous mode. In general
this is true, but for these units, changing the pulse mode actually increased the mA,
thereby increasing the dose output. It is critical to evaluate each system as
generalizations about reduction in dose cannot be made. The operators were instructed to
use the automatic brightness control and continuous fluoro mode to reduce overall
radiation output.
Other parameters in the evaluation included: source to skin distance, field size
limitation, resolution, kVp accuracy and filtration, scatter dose measurements, and
various x-ray control requirements. A report was generated with the results of the
evaluation for each system and the service engineer corrected any deficiencies noted. See
reference documents "Quality Assurance and Compliance Testing Evaluation" for an
example of the complete list of quality assurance tests performed.
6.2 Radiation Scatter Measurements
The main source of occupational exposure during interventional procedures is
scatter radiation from the patient. Large patients may increase operator dose by a factor
of 10 or more so the manipulation of technical factors and use of protective equipment is
crucial26. Due to the complexity and nature of these interventional procedures,
fluoroscopic times may be prolonged, exposing both patient and operator to high
exposures.
Radiation measurements were performed with an 180cc scatter probe with
average attenuation in the beam simulating four different positions of the interventional
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physician. In automatic brightness control (ABC) mode, the exposure measurements
ranged from an average of 1.0 – 2.1 mrem per minute and 1.4 mrem per minute at the
standard position. Measurements were also taken at the operator eye level, with and
without the use of the pull-down protective lead shield. Exposure measurements without
the shield averaged 2.0 mrem per minute and with the shield reduced to 1.0 mrem per
minute. For digital runs, the dose rate decreased dramatically from 350 mrem to 10
mrem per minute with the use of the shield. Although, the physicians generally stood
behind the control booth or at the far end of the room behind a portable lead shield during
the digital runs, there are times when standing at the tableside are necessary. The results
of the dose measurements emphasize the need to use the protective equipment at all
times, and especially during digital runs. This information was communicated to the
interventionalists to encourage the use of this protective device when it did not
compromise access to the patient. Figure 6 depicts the scatter measurements in relation to
various operator positions.
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Figure 6: Scatter radiation measurements for typical interventional physician positions
Image
Intensifier

Table
(patient head)
E
60 cm

A

C

D

B

X-ray Tube

LOCATION

AVERGE
DOSE RATE
(MREM/MIN)

A (waist level 12"
1.9
from table)
B (waist level 24"
1.0
from table)
C (waist level 12"
from table; 12"
2.1
lateral)
**D (waist level
12" from table; 24"
1.4
lateral)
E (collar level 1.0 with shield
12" from table; 24"
2.0 without
lateral)
shield
350 without
Digital run (3
shield
frames/sec, 10sec
10 with the
run) 100
shield
kVp;500mA 12"

Typical equipment settings (other than digital):
120Kv; 50 mA
Average attenuation in beam 30cm (simulating
average patient)
Tube in PA position; FOV 12 x 12 cm; ABC
mode
60cm between the x-ray tube and table (source to
detector)
Calibrated Rad Cal electrometer 9010 with
180cc probe scatter probe

** Position D typical of physician
position during procedure

32
6.3 Audits
Observations of the individual interventional physicians while performing the
procedures were performed initially and bi- monthly thereafter unless the ALARA
investigational levels were exceeded. The audits revealed compliance with wearing
leaded aprons and thyroid shields; the use of table lead aprons that extended to the floor
and pull-down eye shields or leaded goggles were used when they did not interfere with
the procedure. During digital runs, the operators and personnel stood behind a portable
lead shield as far from the table as possible or stepped into the control room. The only
exception to this was when the injection had to be manually controlled in anatomic
sensitive structures; however, in these cases the eye shield was utilized. The audits also
assessed the operators' position relative to the x-ray tube, the operators' height, the use of
magnification modes, and the field size. During the audits if the image intensifier was
not close to the patient, the physician was requested to do so to help absorb some of the
scatter radiation from the patient. The main deficiency observed during the audits was
inconsistency with wearing the dosimetry badges. A report was generated with the results
of the audits and submitted to the medical director with corrective actions for
improvement where noted in the evaluation.
6.4 Dosimetry Review
Occupational personnel working in fluoroscopic settings are required to wear two
radiation dosimeters to monitor whole body radiation as recommended by the
International Commission on Radiological Protection (ICRP) and State regulations, one
worn at the collar outside of the lead apron, and the other worn at waist level, under the
apron17, 29. Review of the occupational dosimetry records for all personnel revealed a
history of non-compliance, mainly by physicians working in high radiation areas such as
cardiology and interventional radiology which is consistent with the literature38. Due to
this fact, published data may underestimate the true occupational risk associated for these
physicians and consistent dose values for the non-protected organs such as the lens of the
eyes, is essentially unknown56.
Of the seven physicians documented in this study, 52% did not wear their badges
consistently in 2005 when this study was initiated. Reasons for the non-compliance
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through interviews included: they forgot to wear their badges; they lost the badge; they
did not feel it was important since they wore aprons and used other protective devices;
they wore the badge under as opposed to over the lead apron; they did not know where to
turn the badge in for processing; and there was no regulatory oversight to enforce
compliance. The physicians also revealed that they were negligent in wearing their
badges fearing that their privileges would be restricted by the State Radiological Health
Program if the exposure exceeded the annual occupational limit given the methodology
used. This information was confirmed at the initial meeting with the radiology
administrator and department chief who feared that reporting the actual dosimeter
readings to the State radiological health department would result in the removal of
physicians from the performance of the procedures due to high badge readings.
The physicians were required to wear leaded equivalent aprons as they were
exposed to the primary x-ray beam in accordance with recommendations of NCRP34.
Although thyroid shields were an optional protective device according to the regulations,
all fluoroscopists included in this study wore them. The use of extremity badges was
encouraged but they were not worn as the physicians felt they interfered with the catheter
manipulations. The badges were processed monthly by a National Institute Standards and
Technology (NIST) accredited dosimetry company. The State program, using NCR
regulations, recognized the collar dose as the whole body effective dose equivalent as the
limiting exposure, and did not consider that of the waist dosimeter, although both of the
dosimetry readings were recorded29. The deep dose to the body tissue is used with the
regulatory annual limit of 5 rem53. It is measured at a depth of one centimeter within the
tissues of the body for external beams, so the collar reading overestimates effective dose,
particularly when the body is not uniformly irradiated as in the case in the performance of
fluoroscopic procedures43. Faulkner and Marshall data suggest that effective dose is
overestimated using the collar badge by a factor of between two and sixty, depending on
the position of the physician in relation to the patient and primary beam13. The dosimeter
worn under the apron will generally yield a closer but underestimation of effective dose,
typically within a factor of seven13.
Working with the interventional supervisor, a system of badge return was
developed and enforced. Each physician was assigned their own lead aprons so the
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badges could be left on them, and ready to use for the next procedure. "Time outs" were
initiated at the beginning of each case to determine if the staff were wearing their badges
and if time permitted, temporary badges were assigned in the case of misplaced
dosimeters. The quality assurance program was updated to include the recording of
patient fluorotime and procedures lasting longer than 1 hour required immediate patient
assessment and subsequent follow-up for possible radiation induced skin injuries. Also,
badge compliance, patient assessments, and other safety issues were discussed at the
weekly departmental meetings.
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7. RESULTS
7.1 Exposure Data - Whole Body
The compliance rate with wearing the dosimeter badges increased from 47.6% to
89.3% for these seven physicians over the three year period. Figure 7 depicts the number
months that badges were submitted form 2005 -2007. Interviews with the physicians
revealed that one reason for this improvement was due in part to the fact that the
physicians knew that this information was being evaluated, and that non-compliance
resulted in a counseling session and notification to the medical director. They also
relaxed their concern of removal from clinical practice by the state radiological health
program if they exceeded the annual limit.

Figure 7: Badge wearing compliance 2005 -2007
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The collar badge readings for these seven interventional physicians ranged from
0.01 rem to 4.49 rem for the three year period, with the average of 2.12 ± 0.34 rem per
year. However, the 2007 data dosimeter recordings were more consistent and therefore
more reflective of actual exposure readings, with a mean of 2.09 ± 1.3 rem and a range of
0.48 rem to 4.41 rem. The under-apron readings were less than the minimal detectable
level of 10 mrem. Table 7 summarizes the average collar deep dose equivalent, data
range, average annual procedures, and missing exposure data for the years 2005-2007.
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Table 7: Average collar deep dose equivalent, average annual procedures, and missing
data for 2005-2007.
7 IR
Physicians
(12
months)

Average
Annual
DDE(collar)
rem

2005
2006
2007

Standard
Deviation

1.76*
2.50*
2.01*

±1.5
±1.5
±1.3

Range DDE
(collar) rem

0.01-4.42
0.66-4.49
0.48-4.41

Average
Annual
Procedures

534±193
545±218
494±244

*No
Exposure
Data (all
physicians
(mos)
44
14
9

This data is similar to that measured by Limacher et al. with results of underapron dose to cardiologists near the minimum detectable level and over-collar readings of
ranging from 0.20 – 6.0 rem per year. Although cardiac catheterization procedures were
used in this data, interventional and cardiac angiography are similar in the complexity of
the procedures, use of prolonged fluoro time, and positioning of the physician in relation
to the patient and primary beam25.
In 2006, three physicians, B, C and G were compliant with turning in their badges
each month. The average exposure data for them was 3.74 ±0.73 rem. Table 8 lists the
2006 dose data for physicians B, C, and G, and the total fluoro time (FT).

Table 8: 2006 dose data for physicians B, C, and G, and the total fluoro time (FT).
Physician 2006
Proc
B
C
G
Average
St. Dev

556
635
620
603.67
±41.96

2006 total
FT(min)
3493
4084
5036
4204.33
±778.51

2006
Collar
Dose(rem)
3.71
3.03
4.49
3.74
±0.73

ALARA quarterly investigation levels were also implemented. Individuals
exceeding whole body 125 mrem per quarter, Level I, or 375 mrem per quarter Level II
and other investigational levels outlined in table 9 were interviewed, audited, and
counseled on safe radiation practices. The results of the counseling sessions revealed that
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the high badge readings were due to the number and types of procedures and not an
accidental overexposure29, 54. Physicians exceeding the quarterly limits were audited once
a week as opposed to bi-monthly. This information was reported to the medical director,
radiology administrator, and the department chair.
Table 9: Investigational exposure levels (NRC, COMAR) 29, 54
Dosimetry Investigational Levels (mrem/calendar quarter)
Dose Equivalent
Level 1
Total Effective Dose Equivalent
> 125
Eye Dose Equivalent
> 375
Skin or Extremity, Shallow Dose Equivalent
> 1250
Dosimetry Investigational Levels (mrem/month)
Dose Equivalent
Level 1
Total Effective Dose Equivalent (Declared Pregnant Worker)
> 10

Level 2
> 375
> 1125
> 3750
Level 2
> 50

The NRC occupational dose limit is based on the consideration of the potential for
delayed biological effects such as cancer, and considers an annual dose of 5 rem to
medical personnel as acceptable. The BEIR V estimates an increased risk of 0.2 % for
occupational radiation workers over that of the natural incidence46. None of these
physicians exceeded the occupational dose limit; however, only three of the seven
physicians wore their badge 100% of the time during the 2007 year period. In addition,
the limits for individual organs are below the dose levels at which early biological effects
are observed in the individual organs.
As previously described, the collar exposure data that the State program set as the
limiting annual dose does not take into account the use of protective equipment. The NCRP
suggests using the Webster formula for effective dose (described in table 3) that weights
the collar and badge exposures. The Webster formula, He=0.04(N) +1.5(W) where N is the
deep dose equivalent reading of the collar badge, and W is that of the waist was used35.
Effective dose was calculated using the data from 2007 as this data was most consistent. A
conservative estimate of the monthly waist badge readings of 9 mrem was used in the
calculation as no readings were recorded on the waist badges and the minimal detection
level is 10 mrem. The average effective dose for these physicians was calculated at 0.25
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±0.05 rem. However, using this methodology may overestimate the effective dose by a
factor of seven13.
The radiological health program allowed the use of the SSRC/CRCPD
methodology, which is 0.3 of the collar badge reading when certain criteria was evaluated
by the State and found to be in compliance9. The intent of this methodology applies when
only the collar badge is worn; however, the physicians in this study wore both badges.
The state program did not recognize the dosimeter worn under the apron. When this
methodology is applied, using only 2007 data, the average effective dose for these
physicians resulted in 0.63± 0.39 rem. The SSRCR/CRCPD weighting factor
overestimates the value determined by weighting the values for two dosimeters; however,
it provides a better estimate of the dose than the value reported for the unshielded
dosimeter worn at the neck.
If alternative methodologies are not utilized to calculate effective dose and the
collar dose is used as the limiting factor, the 2007 average dose was 2.01± 1.3 rem. Using
the collar badge as the limiting exposure measurement and not that of an alternative
methodology to determine effective dose is misleading as the exposure does not take into
account the use of protective equipment such as aprons, pull-down shields and leaded
goggles. Table 10 outlines the effective dose results of using SSRCR/CRCRD, and
Webster alternative methodologies compared to the dose without weighting the two
badges.
Table 10: Alternative Effective Dose Methodology Comparisons.
SSRC/CRCPD
2007
Physician
Data(rem)
A
0.55
B
0.52
C
0.62
D
0.28
E
0.14
F
0.93
G
1.31
Total
4.35
Average
0.63 ± 0.39

Webster

Direct
Collar reading
(no wt.)

0.24
0.23
0.24
0.22
0.18
0.29
0.33
1.73
0.25 ± 0.05

1.95
1.73
2.1
0.93
0.49
3.11
4.36
14.67
2.10 ±1.3
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It is clear that from these examples that the effective dose and expected risk that
may be associated varies depending on the methodology approved by the regulating
authority. The lifetime risk was not determined as occupational comparisons are limited
and risk estimates remain uncertain16. There is value in collecting data for this group, but
a consensus nationally should be made as to how effective dose is calculated to
accurately assess the potential occupational risks involved.
7.2 Exposure Data - Lens of the Eye
Analysis of the lens dose equivalent exposures is difficult due to the fact that over
the three year period the physicians were inconsistent in wearing their badges.
Table 11 depicts the eye lens dose for the three year period and projected over 20 years
work time period.
Table 11: Lens Dose Equivalent (LDE)
2005
2006
2007 LDE
LDE
LDE(mrem) LDE(mrem) Average
(mrem)
Per year
2005
2006
2007
rad
A
517
1020
2250
1.26
B
2331
3948
1859
2.71
C
3048
3630
2247
2.97
D
14
767
1028
0.6
E
2629
1839
534
1.66
F
1116
3490
3365
2.65
G
5202
5373
5043
5.2
Average 2122.43
2866.71
2332.29
2.44
St. Dev ±1764.29 ±1697.90
±1504.85
±1.49

20yrs
(occupational)
Gy
0.013
0.027
0.029
0.006
0.016
0.026
0.052

rad
25.24
54.25
59.5
12.06
33.34
53.14
104.12

Gy
0.25
0.54
0.6
0.13
0.33
0.53
1.04

0.02
±0.01

341.65
±29.91

3.42
±0.30

The NRC and State annual occupational dose limit for the lens of the eye is 15
rem9,33. Several studies contend that there is no apparent threshold dose for cataract
formation and challenge the NCRP and ICRU current cataract formation threshold of 2
Gy31,8,37,10. Research conducted by Worgul et al., show an increase in cataract formation
reported in Chernobyl workers less than 55 years of ages with increasing dose rates of 50
rad or 0.5 Gy or less61. While this data is not conclusive, projecting for each physician in
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this study for 20 years, dose to the lens of the eyes for 4 of the 7 physicians exceeds 0.5
Gy. However, the result of the badge readings must be viewed with some scrutiny as
leaded goggles and some pull-down shields may not block the exposure from the
dosimeter. This further emphasizes the need for collecting there data to assess the risk for
this group and for the diligent use of pull-down shields and leaded goggles whenever
possible. Epidemiological studies are needed to evaluate eye lens changes for
interventional physicians as they have the potential to exceed the proposed thresholds.
7.4 Fluoro Time
The U.S. Food and Drug Administration (FDA) and the International Commission
on Radiological Protection (ICRP) recommend that fluoroscopic time is one factor that
should be monitored during fluoroscopically guided interventional procedures50, 17. The
total fluoro time per procedure and physician deep dose equivalent information was
compiled on a quarterly basis and submitted to the state radiological health program. The
average fluoroscopic time per procedure decreased by 4.46 minutes overall during the
three year period which, keeping all other factors the same, should reduce the dose to
patients and staff. The total number of procedures reduced by 83 from 2005 to 2007;
however, even with an increase of 80 studies in 2006 there was an average reduction in
fluorotime of 2.21 minutes. Table 12 depicts the total fluorotime (FT) and procedures,
and the average fluorotime per procedure performed for all physicians over the three year
period.
Table 12: Total annual fluorotime (FT) and average FT per procedure, and the total
procedures and average number of procedures for all physicians
7 IR Physicians Total FT(min) Average
all physicians Annual
FT(min) for
7 physicians
2005
35,290.91
5041.56
±1989.77
2006
27,549.83
3935.69
±1657.55
2007
18,230.0
2604.29
±1300.28

Average
FT/proc(min)
for all

Total
Annual
Procedures

Average
Annual
Proc

9.51 ±1.38

3736

533.71

7.30 ±0.81

3816

545.14

5.05±0.94

3653

521.86
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The literature indicates that there is a direct correlation between fluoro time and
patient skin dose in cardiac angiographic procedures which are similar in complexity and
beam on time as interventional studies7. While it is not conclusive why the overall time
was reduced in this study, it is possible that it was the result of the Hawthorne effect as
reported by Vehmas in a similar setting57. The Hawthorne effect is described as the
phenomenon of altered behavior resulting from the knowledge of being part of a study. In
a similar study, Cheung et al. showed that radiologists, with similar radiological
experience, reduced their dose and fluoroscopic times when they were aware of being
audited, as compared with radiologists who were unaware that they were under
surveillance6. It is also possible that physicians asked for help from their colleagues when
the case seemed prolonged or complex, or used other diagnostic tests in conjunction with
the angio to perform the procedures which may account for the reduction in the overall
fluorotime and number of procedures. All of the physicians reduced their individual
fluorotime each year regardless even if their total number of procedures increased. Table
13 and figure depicts individual physician fluorotime per procedures for each year.

Table 13: Data for individual physician procedures, and fluorotime (FT) per procedure
per year
Physician
A
B
C
D
E
F
G
Total
Average
St. Dev

Total Procedures
2005
2006
162
137
616
556
504
635
452
433
602
592
773
843
627
620
3736.00 3816.00
533.71
545.14
±192.84 ±217.51

2007
182
700
510
246
478
837
700
3653.00
521.86
±243.74

FT(min)/proc
2005
10.22
7.09
8.80
9.84
9.44
9.62
11.60
66.60
9.51
±1.38

2006
8.38
6.28
6.43
6.83
7.48
7.60
8.12
51.12
7.30
±0.81

2007
6.21
4.09
4.28
4.17
6.16
5.67
4.78
35.35
5.05
±0.94
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Figure 8: Graph of individual annual fluorotime (FT) per procedure per physician
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Although the interventional radiologists depicted in this report were not part of a
study per se, they had knowledge that the fluoro time per procedure, badge readings, and
compliance with badge wearing were being evaluated. Increasing physician awareness
about these factors proved to have a positive net effect on compliance and fluoro time
reduction. It should be noted, however, that when patient dose is being evaluated, fluoro
time is not considered the best or only parameter that must be considered. Entrance skin
dose, dose area product, dose per procedures as well as other factors must be evaluated
which are beyond the scope of this paper.
8. DISCUSSION
A comprehensive radiation safety program with continuous oversight of physician
practices is imperative to keep radiation exposure to both patients and staff as low as
reasonably achievable. Developing a policy for dosimeter compliance, both wearing and
processing, is achievable. Frequent audits of the physicians during the performance of the
procedures to assess compliance with badge wearing, use of protective equipment, and
technical factors resulted in decreased overall fluorotime. The radiation protective
devices used for these physicians did not change significantly as aprons; thyroid and pulldown shields were routinely used. Time is one of the three basic principles in radiation
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safety. Education and conscious awareness of this factor seemed to alter the physicians'
behavior, thereby reducing patient beam on time. The physician average fluorotime per
procedure reduced from 9.51±1.38 minutes to 5.05±0.94 minutes over the three year
period with only slight changes in the total number of procedures performed. It is also
possible that the proficiency in performing these procedures improved or that when the
case became difficult, the physician requested assistance, but this parameter was not
evaluated.
Documentation of dosimetry data for this high risk group is valuable as long term
occupational risk estimates and comparison information is limited. Documentation and
attention to the exposure readings opened dialogues for counseling about potential
biological effects and the additional safety practices that could be implemented to reduce
their individual exposure. The state radiological health program also found this
information useful so that as a regulatory agency, they were comfortable offering
alternative methodologies of calculating effective dose if this high risk group approached
the annual regulatory limit.
8.1 Program Impact
There were other safety practices implemented as a result of this study in other
departments as well. Portable power injectors with long dispense cords were purchased
allowing the operator and staff to significantly increase their distance from the patient
table during the injection resulting in reduced radiation exposure. The proper use of
leaded aprons in all fluoroscopic settings was instituted and personnel were required to
wear dosimeters. Annual radiation safety training for all radiation personnel became part
of the hospital initiative and new equipment was purchased to replace those that did not
meet system performance requirements. Protective devices that attach to the image
intensifier of the fluoroscopic system and blanket shields that lay on the patient outside of
the field were purchased further reducing operator and staff exposure.
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9. CONCLUSION
The goal of this program was to assess and provide oversight of the radiation
safety practices in interventional radiology in a large teaching facility. In doing so, the
nature of their practice and the magnitude of occupational radiation doses from
interventional procedures were documented. The most effective actions taken to
implement this program included: trust that that the data collected would not be used
punitively; review of radiation safety practices; documentation of exposure time; and
random department compliance audits. The results of this study proved that the high
badge readings of these interventional physicians were the result of high volumes and
complicated procedures, not neglect in the use of effective radiation protection practices.
Documentation of the occupational exposure appears to be consistent with limited data
available in the literature; however, actual clinical practice patterns and consistency in the
calculation of effective dose for physicians performing interventional procedures requires
further investigation.
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APPENDIX A
DEFINITIONS OF COMMON PROCEDURES IN INTERVENTIONAL RADIOLOGY
Angiography
An X-ray exam of the arteries and veins to diagnose blockages and other blood vessel
problems; uses a catheter to enter the blood vessel and a contrast agent (X- ray dye) to
make the artery or vein visible on the X-ray.
Balloon Angioplasty
Opens blocked or narrowed blood vessels by inserting a very small balloon into the
vessel and inflating it. Used by IRs to unblock clogged arteries in the legs or arms (called
peripheral vascular disease or PVD), kidneys, brain or elsewhere in the body.
Biliary Drainage and Stenting
Uses a stent (small mesh tube) to open up blocked ducts and allow bile to drain from the
liver.
Central Venous Access
Insertion of a tube beneath the skin and into the blood vessels so that patients can receive
medication or nutrients directly into the blood stream or so blood can be drawn.
Chemoembolization
Delivery of cancer-fighting agents directly to the site of a cancer tumor; currently being
used mostly to treat cancers of the endocrine system, including melanoma and liver
cancers.
Embolization
Delivery of clotting agents (coils, plastic particles, gelfoam, etc.) directly to an area that
is bleeding or to block blood flow to a problem area, such as an aneurysm or a fibroid
tumor in the uterus.
Fallopian Tube Catheterization
Uses a catheter to open blocked fallopian tubes without surgery; a treatment for
infertility.
Gastrostomy Tube
Feeding tube inserted into the stomach for patients who are unable to take sufficient food
by mouth.
Hemodialysis
Access maintenance; Use of angioplasty or thrombolysis to open blocked grafts for
hemodialysis, which treats kidney failure.
Dialyisis catheter placement, replacement, and removal as needed.
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Needle Biopsy
Diagnostic test for breast, lung and other cancers; an alternative to surgical biopsy.
Radiofrequency (RF) Ablation
Use of radiofrequency (RF) energy to cook and kill cancerous tumors.
Stent
A small flexible tube made of plastic or wire mesh, used to treat a variety of medical
conditions (e.g., to hold open clogged blood vessels or other pathways that have been
narrowed or blocked by tumors or obstructions).
Stent-Graft
Reinforces a ruptured or ballooning section of an artery (an aneurysm) with a fabricwrapped stent C a small, flexible mesh tube used to "patch" the blood vessel. Also known
as an endograft.
Thrombolysis
Dissolves blood clots by injecting clot-busting drugs at the site of the clot.
TIPS (Transjugular Intrahepatic Portosystemic Shunt)
A life-saving procedure to improve blood flow and prevent hemorrhage in patients with
severe liver dysfunction.
Uterine Artery Embolization
An embolization procedure of uterine arteries to stop life- threatening postpartum
bleeding, potentially preventing hysterectomy. The same procedure is used to treat
fibroid tumors and is then called UFE (Uterine Fibroid Embolization).
Uterine Fibroid Embolization
An embolization procedure of uterine arteries to shrink painful, enlarged, benign tumors
in the uterus, also called UAE (Uterine Artery Embolization).
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APPENDIX B
UNITS OF RADIATION EXPOSURE AND ABSORBED DOSE

Exposure
Exposure is defined as the quantity of x-rays or gamma radiation required to produce an
amount of ionization (electric charge) in air at standard temperature and pressure. The
traditional unit of exposure is the Roentgen (R) and is defined as 1 R = 2.58 × 10-4 C/kg.
The SI unit of exposure is defined in units of coulombs/kilogram (C/kg). Frequently,
ionization measurements are made of exposure rate, i.e., the amount of exposure per unit
of time. Radiation safety survey meters generally read out in units of Roentgen per hour
(R/hr) or milliRoentgen per hour (mR/hr). A medical physicist making measurements of
fluoroscopic x-ray machines would most often measure the “fluoro output” in R per
minute (R/min).

Absorbed Dose, D
Absorbed dose is defined as the amount of ionizing radiation energy absorbed per unit
mass. The traditional unit of absorbed dose is the rad (Radiation Absorbed Dose), 1 rad =
100 ergs/gram. The SI unit of absorbed dose is the Gray (Gy), 1 Gy = 100 rad. For x-rays
used in fluoroscopy an exposure of 1 R results in an absorbed dose of approximately 1
rad.

Equivalent Dose, H (formerly referred to as dose equivalent)
Equivalent dose (H) is used in radiation safety to account for differences in the biological
effectiveness of different types of ionizing radiation. Equivalent dose is defined as the
absorbed dose(HT) times a radiation weighting factor(wR )specific to the type of radiation
to which an individual is exposed. The traditional unit for dose equivalent is the rem
(Roentgen Equivalent in Man) and the SI unit is the Sievert (Sv), 1 Sv = 100 rem. For
diagnostic medical x-rays, the weighting factor is 1, so an absorbed dose of 1 rad is equal
has an equivalent dose of 1 rem.
HT = Σ wR DT
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Effective Dose, E ( formerly effective dose equivalent)
The risk of potential health effects when only part of the body is irradiated is smaller than
when the whole body is exposed. It is an attempt to normalize the risk for different kinds
of tissues. Effective dose( E) is defined as the sum of the absorbed dose to tissue(s) or an
organ(s)(HT) times a tissue weighting factor(wT) and is also expressed in the units of rem
or Sieverts. ICRP 60 publication depicts the individual tissue weighting factors. The
effective dose is a calculation of risk to an individual posed by partial body irradiation as
compared to total body irradiation. Effective dose is used to estimate the equivalent
whole body exposure for fluoroscopy staff wearing protective aprons for comparison to
annual personnel dose limits for radiation exposure.
E = Σ wTHT

As Low As Reasonably Achievable (ALARA)
An acronym for an important principle in exposure to radiation and other occupational
health risks and stands for "As Low As Reasonably Achievable". The aim is to minimize
the risk of radiation injury or other hazard while keeping in mind that some exposure may
be acceptable in order to further the task at hand.
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APPENDIX C
REGULATORY AGENCIES GOVERNING MEDICAL RADIATION56

Name

Role

Nuclear Regulatory Commission (NRC)

Regulates special nuclear
material(plutonium enriched
in 233U and 235U, and byproduct material of nuclear
fission). Their regulations are
found in Title 10 of the Code
of Federal Regulations (10
CFR) (1). The most
important parts for medicine
are Parts 19, 20, 30 and 35.

Individual states
(agreement states)

Regulates the same radioisotopes as
the NRC as well as naturally
occurring and acceleratorproduced radioisotopes and X-ray
equipment used

Individual states
(non agreement states)

Regulates naturally occurring and
accelerator produced adioisotopes
and X-ray equipment used. (Do
not regulate same isotopes as the
NRC.)

Food and Drug
Administration (FDA)

Regulates radiopharmaceutical
development and manufacturing
and the performance and radiation
safety requirements involved in
the production of X-ray
equipment. Their regulations are
contained in Title 21 of the Code
of Federal Regulations

Department of Transportation (DOT)

Regulates the transportation of
radioactive materials

Environmental Protection Agency
(EPA)

Regulates the release of Agency
radioactive material to the
environment
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APPENDIX D
NUCLEAR REGULATORY COMMISSION AGREEMENT AND NONAGREEMENT STATES
AGREEMENT STATES
Alabama
Arizona
Arkansas
California
Colorado
Florida
Georgia
Illinois
Iowa
Kansas
Kentucky
Louisiana
Maine
Maryland
Massachusetts
Mississippi
Minnesota
Nebraska
Nevada
NON-AGREEMENT STATES
Alaska
Connecticut
Delaware
Hawaii
Idaho
Indiana
Michigan (letter of intent)
Missouri
Montana
South Dakota
Vermont
West Virginia
Wyoming
District of Columbia
Puerto Rico

New Hampshire
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
Rhode Island
South Carolina
Tennessee
Texas
Utah
Virginia
Washington
Wisconsin
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APPENDIX E
TISSUE RADIOSENSITIVITIES

ORGAN

RADIOSENSITIVITY

Lymphoid organs,
bone marrow;
blood, testes,
ovaries, intestines
Skin and other
organs with
epithelial cell lining
(cornea, oral cavity,
esophagus, rectum,
bladder, vagina,
uterine cervix,
ureters)
Optic lens, stomach

High

CHIEF MECHANISM OF
HYPOPLASIA
Destruction of radiosensitive
parenchymal cells

Fairly high

Destruction of radiosensitive
parenchymal cells of the epithelial
lining

Medium

Destruction of mitotically active
epithelial cell,

Growing cartilage
Destruction of mitotically active
chondroblasts, plus some damage to the
fine vasculature and connective tissues
Damage to the endothelium
Fine vasculature
Growing bone
Mature cartilage or
bones: Salivary
glands, respiratory
organs, kidneys,
liver, pancreas,
thyroid, adrenal and
pituitary glands
Muscle, brain,
spinal cord

Fairly low

Low

Destruction of mitotically active
chondroblasts or osteoblasts. plus some
damage to the fine vasculature
Hypoplasia of parenchymal cells is
secondary to damage to the vasculature
and connective tissue (minor
contribution to hypoplasia from direct
effects on parenchymal cells)

Hypoplasia of parenchymal-cells is
secondary to damage to the vasculature
and connective tissue (minor
contribution to hypoplasia from direct
effects on parenchymal cells)
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