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Introduction

Fluoroscopy use is a practical necessity for many procedures
performed by interventional clinicians; however, when used
inappropriately or indiscriminately, it can prove hazardous
for both patients and providers. Following a series of rare but
serious radiation-induced skin burns, the United States Food
and Drug Administration (FDA) issued an advisory state-
ment in 1994 describing the need for sufficient training
among caregivers utilizing fluoroscopy [1, 2]. Cancer is the
second leading cause of death in the United States and is
among the top five causes for middle- and high-income
nations worldwide [3, 4]. Prior to significant reductions in
occupational risk associated with a greater appreciation of
prophylactic measures used to reduce radiation exposure,
medical providers with high exposure to ionizing radiation
were among the most affected by breast cancer, leukemia,
and skin cancer [5-8].

Terminology

An understanding of fluoroscopic safety demands a familiar-
ity with basic radiation principles and nomenclature.
Radiation is the process by which energy is emitted or
transmitted either as a wave (e.g., electromagnetic, acoustic,
and gravitational radiation) or particle (e.g., alpha, beta, and
neutron radiation). Electromagnetic radiation is the traveling
wave motion produced by changes in electric and magnetic
fields. In order of increasing wavelength, the electromag-
netic spectrum ranges from gamma rays and x-rays, to ultra-
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violet visible light and infrared to microwaves and radio
waves (Fig. 14.1). X-rays, gamma rays, alpha particles, and
beta particles are forms of ionizing radiation. They charac-
teristically result in electron displacement, free radical for-
mation, and ionization of atoms and molecules following
propagation through matter such as air, water, and living
tissue.

Radiation exposure is universally expressed in roentgens
(R) and in SI units coulomb/kilogram (C/Kg). Radiation
absorbed by a person or object is conventionally measured in
radiation absorbed dose (rad) and in SI units, gray (Gy). One
Gy is equal to 1 joule of energy deposited per kilogram of
tissue. As different sources of radiation can have dissimilar
medical effects, absorbed radiation is also expressed in dose-
equivalents. For x-rays, dose equivalent and absorbed dose
are equal. In contrast, the dose equivalent is 20-fold larger
than the absorbed dose for alpha radiation as this type of
radiation is much more damaging to the human body. Dose
equivalents are expressed conventionally as roentgen-
equivalent-man (rem) and in SI units as Sievert (Sv).
Roentgen-equivalent-man is equal to the radiation absorbed
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dose multiplied by a quality factor (QF) specific to the type
of radiation used (rem = rad x QF). Radiation exposure is
believed to have stochastic and deterministic (also known as
nonstochastic) health effects. Stochastic effects (e.g., heredi-
table effects, cancer) occur by chance without a threshold
dose and at a rate proportional to the dose received.
Deterministic effects (e.g., radiation-induced cataracts) are
believed to occur after a threshold amount of radiation is
reached and vary in severity proportional to exposure dose.

Biologic Effects

In living tissue, chromosomal DNA is believed to be the
principal target mediating cellular effects of ionizing radia-
tion. Error-prone repair of chemically complex double-strand
DNA lesions gives rise to chromosomal aberrations, gene
mutations, and apoptosis (defined as the death of cells which
occurs as a normal and controlled part of an organism’s
growth or development). DNA damage response and repair
processes are major determinants of postinjury effects within
the cell. Extensive chromosomal damage and exhausted
DNA repair mechanisms favor apoptosis. Oncogenesis (the
development of a tumor or tumors) is often a result of pertur-
bations in response, repair, and apoptotic mechanisms.

In tissue, deterministic effects typically involve loss of
cellular reproductive capacity, fibrosis, and overall loss of
function. Deterministic effects are most likely to be clini-
cally apparent in cells and tissues most sensitive to ionizing
radiation; namely highly proliferative cells and tissues such
as hematopoietic cells, the gastrointestinal tract, the basal
cell layer of skin, and male germ cells. Organs present in
pairs or with functional subunits arranged in parallel (e.g.,
liver, kidney), rather than in series (e.g., gastrointestinal
tract) are more resilient and least likely to demonstrate clini-
cal signs of dysfunction. Organ-specific doses of radiation
believed to result in a 1% risk of deterministic effects are
shown in Table 14.1. After 3 Gy and 6 Gy, 1/100 women and
1/100 men, respectively, may experience permanent sterility
[9]. Absorbed radiation doses of 1 Gy are associated with a
1/100 risk of death resulting from sequelae of bone marrow
syndrome [9]. Bone marrow contains stem cells. Stem cells
are sensitive to radiation exposure and excessive exposure
may result in the formation of malignancies. In leukemia, a
cancer of the blood, the bone marrow makes abnormal white
blood cells. In aplastic anemia, the bone marrow does not
make red blood cells. In myeloproliferative disorders, the
bone marrow makes too many white blood cells. Each of
these conditions can potentially occur in the face of radiation
exposure in susceptible hosts.

Oncogenesis is a complex multifactorial process heavily
affected by factors intrinsic and extrinsic to the cell. For the
purposes of this discussion, it is oversimplified into four

Table 14.1 Estimated exposure to produce 1% risk of morbidity and
mortality

Effect Organ/tissue Latency period Exposure (Gy)
Morbidity 1% incidence
Male sterility Testes 3 weeks ~6°

Female sterility Ovaries <1 week b
Erythema Skin 1—4 weeks <3—6°
Alopecia Skin 2—3 weeks ~4b

Cataract Eye Several years ~1.5°
Mortality

BMS Bone marrow  30—60 days ~1°

GIS Small intestine  6—9 days ~6°
Pneumonitis Lung 1—7 months 6°

Adapted from PMC [14]

BMS, bone marrow syndrome; GIS, gastrointestinal syndrome
ACRP (1984) [9]

"UNSCEAR (1988) [31]

stages: (1) tumor initiation—irreversible genetic alterations
lead to atypical cellular signaling; (2) tumor promotion—
changes in the expression of the genome result in enhanced
growth and development; (3) malignant conversion; and (4)
tumor progression—the final stages are marked by genomic
instability and invasive growth [10]. Animal models suggest
the role of radiation is primarily limited to tumor initiation
[11, 12]. Later, tumor stages are believed less dependent on
the mutagenic properties of radiation due to inherent genomic
instability characteristic of these advanced stages [11, 12].

X-Ray Generation and Propagation

With fluoroscopy, x-ray generation begins with passing a
current (measured in milliamperes [mA]) through a heated,
negatively charged filament (cathode). Cathode electrons
are accelerated through an x-ray tube towards a positively
charged anode. The electric potential energy (measured in
kilovolt peak [kVp]) of accelerated electrons is transformed
into kinetic energy prior to collision with anode orbital
electrons. At the anode, tightly bound inner-shell orbital
electrons are ejected after colliding with electrons acceler-
ated through the x-ray tube. The filling of the newly created
inner-shell orbital vacancies by outer-shell electrons results
in the emission of photons forming the x-ray radiation that
is ultimately projected through the patient to an image
intensifier responsible for generation of a visual light
image. Increasing kVp by 15% has the same effect on
image brightness as doubling mAs. During fluoroscopy,
high kVp (75 kVp—125 kVp) and low mA (2 mA—6 mA)
are typically preferred during fluoroscopy in order to mini-
mize patient exposure without drastic compromises in
image quality.

After exiting the x-ray tube, the beam must first pass
through a collimator and a filter before reaching the patient
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Fig. 14.2 Modern Fluroscope

(Fig. 14.2). The collimator typically contains both round and
rectangular radiopaque shutter blades purposed to geometri-
cally restrict the x-ray beam to the targeted anatomic area
required for efficient visualization of the structures of inter-
est. The round shutters are commonly known as variable
aperture collimators (Iris collimators). Variable aperture col-
limators are smaller, produce a circular field, and automati-
cally restrict the fluoroscopic beam to the useful field of view
despite changes in magnification or source-image-distance.
The rectangular shutters are larger, and can be manually
adjusted to further limit beam size producing a rectangular
field. Filtration helps remove low-energy x-rays that contrib-
ute to radiation exposure but do not to image quality.
Aluminum and copper are the most popular x-ray filter
materials.

In traversing the patient, x-ray radiation can have two
important interactions involving either a complete or partial
transfer of photon energy. The photoelectric effect entails the
atomic process whereby a tightly bound inner-shell orbital
electron completely absorbs the energy of an incident pho-
ton. The electron is ejected from the orbital and is now
termed a photoelectron. In the filling of the newly created
inner-shell vacancy by an outer-shell electron, a photon is
emitted (secondary radiation) [13]. Compton scattering
involves the collision and partial energy transfer between an
incident photon and a loosely bound outer-shell orbital elec-
tron. The loosely bound electron is ejected and the incident
photon deflected. Ejected electrons are responsible for radio-
biologic effects associated with x-ray radiation [13].
Secondary radiation from the photoelectric effect and scat-
tered radiation from the Compton effect do not lend to diag-
nostic value, but instead add to radiation exposure of nearby
personnel.

NS >

Principles of Radiation Safety

There is no “safe” dose of ionizing radiation. The objectives
of radiologic protection are complete prevention of deter-
ministic effects and ensuring the risks of stochastic effects
are as maximally diminished “as low as reasonably achiev-
able, societal and economic factors being taken into
account”—the ALARA principle [14]. According to the
“linear-non-threshold” or LNT model, at exposure doses less
than 100 mSv per year, the risks of stochastic effects are
believed proportional to dose [14]. Even low doses are
believed to carry an attributable risk of hereditary and onco-
genic effects.

As per the 2007 International Commission on Radiation
Protection (ICRP) recommendations, radiation protection
can be subdivided into three core principles: justification,
optimization, and application of dose limits. Justification is a
principle common to the entire practice of medicine [14].
The benefit to an individual and society from an activity
should outweigh the associated potential harm. In the con-
text of fluoroscopic safety, the benefits of utilizing ionizing
radiation should also outweigh the occupational risks
imposed on the provider.

Dose limit recommendations are made for the United
States by the National Council for Radiation Protection
(NCRP) and internationally by the ICRP [14, 15].
Occupational dose limit recommendations made by the
NCRP are shown in Table 14.2. The NCRP and ICRP share
similar recommendations. The maximum permissible dose
(MPD) of radiation to a provider is 20 mSv averaged over
5 years (i.e., 5 year MPD = 100 mSv) with no year exceed-
ing 50 mSv [14, 15]. Maximum permissible doses should be
considered extreme values with most interventionalists
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Table 14.2 NCRP Recommendations for Maximum Permissible
Doses during Occupational Exposure

Dose Quantity Maximum Permissible Dose
Effective dose
Annual 20 mSv/yr averaged over 5 years with no single year

exceeding 50 mSv

Cumulative 10 mSv x age (yr)
Equivalent dose

Lens of the 150 mSv/yr

eye*

Skin® 500 mSv/yr
Hands and 500 mSv/yr

feet

mSv, milliSievert; yr, year
Likely to be changed to 50 mSv/yr
®Average dose over 1 cm? of the most highly irradiated area of the skin

experiencing less than 10% of maximum doses (i.e., between
2 and 4 mSv per year) [16]. Within the United States, x-ray
regulations are governed by the Occupational Safety and
Health Administration (OSHA) and all sources of ionizing
radiation by the Nuclear Regulatory Commission (NRC).
NRC requirements take precedence and are therefore most
often implemented by hospital radiation safety officers. As
per NRC regulations, all personnel likely to experience
greater than 5 mSv are required to use an individual moni-
toring device (e.g., film badge, thermoluminescence dosim-
eter, etc.)

Optimization of radiation protection entails maintaining
exposure remains “as low as reasonably achievable”. Patient
exposure can be minimized without undue concessions in
image quality via optimization of equipment, x-ray beam fil-
tration, and collimation, maximizing the source-object dis-
tance (at least 30 cm; optimum >182 cm [approximately
6 feet]), minimizing the object-image distance, limiting the
field of direct radiation to only that of clinical interest, and
reducing overall fluoroscopy time. The concepts driving
these principles are discussed above.

Radiation exposure experienced by the provider is essen-
tially all scatter from the patient. Maximizing the provider’s
distance from the irradiated field, use of all appropriate
shielding devices, and limiting fluoroscopy time and images
are the mainstays of optimizing a minimization of radiation
exposure to the provider. Maintenance of appropriate dis-
tance from the source to the provider is simple yet effective.
As exposure follows the inverse square law, doubling dis-
tance from the source quarters exposure. Standing a distance
of 1 meter (100 cm) from the source yields an exposure dose
approximately 0.1% of the entrance skin exposure. When
shooting films in the lateral position, scatter doses up to 4
times higher occur on the side of the source compared to the
image intensifier [17].

Appropriate shielding involves the use of personal protec-
tive shielding (i.e., aprons, leaded eyewear, thyroid shields,
leaded gloves), patient-mounted shields, and movable room
shields (ceiling-suspended shields, floor-mounted shields,
and table-mounted shields). Due to decreasing limits for eye
exposure (i.e., ICRP guidelines recommend an average
20 mSv over 5 years), eye shielding is likely to be of increas-
ing importance in the future [14, 18]. A cumulative dose of
0.5 Gy is estimated to be the threshold dose for radiation
cataracts [19-21]. Multiple studies have shown this limit
may be easily reached without the use of proper protective
equipment [22-24]. Within the ORAMED project, exposure
levels of interventional radiologists and cardiologists at dif-
ferent hospitals throughout Europe were evaluated.
Approximately half of interventional radiologists perform-
ing endoscopic retrograde cholangiopancreatography were
exposed to eye radiation doses surpassing new ICRP recom-
mendations [24]. Protective eyeglasses and ceiling-sus-
pended shields have been shown to be an effective method of
reducing exposure to the lens of the eye [25]. Koukorava
et al. demonstrated a 90% decrease in eye exposure with the
use of 0.5 mm lead glasses and a 93% decrease with the use
of ceiling-suspended screens [19]. Protective eyewear is cur-
rently recommended for those expected to experience ocular
exposure greater than 4 mSv per month. This threshold will
likely be lowered with expected future decreases in MPD
[20, 26, 27].

The MPD for the hands is 500 mSv per year [14, 15].
Wearing a ring badge is the current recommended method of
measuring hand exposure. Minimizing exposure to the hands
is best achieved with distance and shielding. Protective
gloves with minimum 0.25 mm lead equivalent are useful but
should not Iull the wearer into a false sense of security. With
automated brightness control, the lead gloves may be
detected, resulting in automatically increased radiation out-
put, at least partially negating the protection afforded by the
gloves. Alternative measures such as the use of forceps or
other holding devices are encouraged.

The recommended MPD for the torso and legs is 500 mSv
[14, 15]. Exposure in these areas is significantly reduced
with the use of single and two-piece lead apron. The apron is
lead-impregnated vinyl or rubber with a shielding equivalent
of at least 0.25 mm. Annual inspection of the lead apron is
required by the Joint Commission on the Accreditation of
Healthcare Organizations, with recommended disposal for
defects greater than 15 mm? [28]. Thyroid shields with mini-
mum 0.5 mm lead equivalent have been shown to signifi-
cantly decrease thyroid exposure dose [29, 30]. The
protection conferred with the use of a lead apron or thyroid
shield is offset by the increased weight and decreased maneu-
verability associated with these devices.
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