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PREFACE
The Cardiac Catheterization Equipment Performance Task Group was formed
to provide a reference document that discusses equipment features, physics
Quality Control test procedures, and radiation dose issues associated with this
equipment. Because Cardiac Catheterization Laboratories are very specialized
facilities dealing with different clinical imaging issues outside the realm of normal
radiology imaging systems, many medical physicists have only limited experience
evaluating the performance of this equipment. The patient and scattered radiation
doses in these rooms are among the highest delivered by any application of diagnostic imaging equipment in medicine. The equipment tends to be complex with
many different types of feedback control loops. Because of the tiny vessels in the
heart into which catheters are placed, the clinical demands require the equipment
to have superb image quality for dynamic studies of cardiac function in critically
ill patients. Furthermore, there are few literature sources that gather this type of
information in a single reference publication that can be readily utilized by the
medical physicist.
The only previous AAPM Report of similar nature is No. 12, “Evaluation of
Radiation Exposure Levels in Cine Cardiac Catheterization Laboratories,” which
was issued in 1984. This publication addressed only the radiation dose levels; it
did not discuss the equipment or the physics testing procedures. Moreover, there
have been significant changes in the technology that affect both the equipment performance and the radiation doses. For these reasons, this Task Group was formed
to provide a source of information for those physicists who have responsibilities
associated with the performance and radiation safety in Cardiac Catheterization
Laboratories. The Task Group members hope that the information contained in the
document will be valuable to the readers.
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I. DISCUSSION OF CARDIAC CATH
LAB EQUIPMENT
1. X-ray Generators
Three types of x-ray generators have been and continue to be sold for cardiac
cath labs: three-phase mA switched, three-phase kVp switched, and high-frequency
inverter units. Regardless of the type purchased, the generator should be capable
of generating 80 to 100 kilowatts (kW) of power (Rauch and Strauss 1998). This
kW rating is necessary first to penetrate large patients in oblique projections adequately during image recording. Second, the large kW rating provides high tube
currents (mA). These high tube currents allow the Automatic Brightness Control
(ABC) system to select lower x-ray tube potentials (kVp) on large patients, which
improves contrast in the image and visualization of small vessels. Ideally, the kVp
during an angiography recording should be in the 70 to 80 kVp range to match the
effective energy of the x-ray beam to the K-edge of the iodine contrast media.
During recordings, the generator should provide frame rates from 15 to 60 frames
per second (fps) with pulse widths ranging from 3 to 8 milliseconds (msec)
(Strauss 1998). For adult patients, 15 to 30 fps cine is adequate if a scan converter is available during playback of digitized images to eliminate flicker.
Very short pulse widths should be avoided because the duration of the x-ray
pulse is too short to activate the image intensifier efficiently. Pulse widths
greater than 8 msec result in images with too much motion unsharpness
(Rauch and Strauss 1998).
Ideally, the generator should provide pulsed fluoroscopy with operator selectable variable frame rates from 7.5 to 30 fps. The generator design should result
in “square wave” kVp pulses; capacitive tails that occur at the termination of each
kVp pulse must be eliminated to achieve optimum patient dose savings. The
pulsed x-ray beam operating in the range of 3 to 8 msec significantly reduces
motion unsharpness compared to continuous fluoroscopy. The reduced frame rate
reduces the fluoroscopic radiation dose to patients and scattered radiation to staff.
The generator design should allow the ABC to modulate both the tube current
(mA) and pulse width as a function of patient thickness to maintain a limited kVp
range of 60 to 80 kVp during pulsed fluoroscopy. Pulsed fluoroscopy systems that
modulate only the kVp are sub optimal because good image quality may only be
achieved for a very limited range of patient sizes and oblique projections (Rauch
and Strauss 1998).
Numerous examples of the three types of generator design are found in the
field. The three-phase mA switched design uses a grid controlled x-ray tube to
pulse the x-ray beam during fluoroscopy or cine. The kVp is continuously applied
to the x-ray tube; the grid of the x-ray tube is used to switch the tube current on
and off. The three-phase kVp switched unit (e.g., constant potential) continuously
heats the filament of the x-ray tube to provide the chosen tube current; tetrodes or
1

solid-state switching devices in the high voltage circuit are used to pulse the
applied voltage to the x-ray tube. The high-frequency inverter unit uses a variable
trigger pulse rate through a DC/AC inverter coupled to a high tension transformer
and rectifier circuit to control and produce the applied high voltage (Gauntt 1991).
The high-frequency inverter design is currently the most popular with the
majority of manufacturers. The reproducibility and linearity of tube current and
voltage is superior to the other two designs due to the capability of closed-loop
regulation with response as rapid as 0.2 msec (Ammann and Wiede 1995). The
closed loop regulation of the tube current automatically compensates for space
charge effects or filament aging. This type of generator has the additional advantages of lower manufacturing cost and a more compact design.
The accuracy of the kVp and mA pulses should be compared with the manufacturer’s specifications. For an inverter generator design, kVp and mA accuracy
are typically ±3% and ±5%, respectively (Strauss 1996). The kVp pulse should
typically have less than 0.3 and 0.5 msec rise and decay times. The three phase
kVp switched generators usually have kVp and mA accuracy of ±5% and ±10%,
respectively (Strauss 1996). The rise and decay times of the kVp pulse should
equal or be better than the inverter specifications. The accuracy of the mA pulse
of the three-phase mA switched unit should be ±10%. The kVp waveform for this
unit is at its maximum value (no load) at the beginning of the pulse and decays to
the load kVp value (calibrated value) with a decay time of approximately 0.1 msec
at the termination of the pulse. The calibration of the kVp value for pulses of 2
msec duration or greater should be ±5%.
If the cath lab will serve the pediatric population, the generator design should
allow high quality imaging on patients which range in size from 3 to 140 kilograms
(kg). This wide range of patient size places additional demands on the design of
the generator. Cine runs on infants and small children in the 50 kVp range at maximum kW ratings (of a standard small focal spot [e.g., 0.6 millimeters (mm)]
should be avoided. In comparison to 70 kVp cine imaging, 55 kVp more than doubles the entrance skin exposure to the patient with only a marginal improvement
in contrast. The generator design should allow the mAs loading of the tube per
cine pulse to be varied from as little as 0.1 mAs (100 mA and 1 msec) up to 6 mAs
(e.g., 800 mA and 7 msec) as a function of patient size in order to maintain a kVp
operating range of 65 to 75 kVp. For pulsed fluoroscopy the tube current should
modulate between 10 to 50 mA and the pulse width between 1 to 6 msec to maintain the same high quality image regardless of patient size. Cine frame rate capability should extend up to at least 60 fps for small children; 90 fps imaging of
children needlessly elevates the patient’s exposure to radiation. The generator
should support an x-ray tube with a minimum of three focal spots. Patients up to
3 to 4 years old can be imaged with an 0.3 mm focal spot size, and patients up to
8 to 9 years old can be imaged with cine using an 0.6 mm focal spot (Rauch and
Strauss 1998).
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The x-ray generator should also have self-diagnostic features built into the electronic design and operator error messages that are displayed on the console. These
features reduce the time necessary to identify and repair malfunctions that occur.

2. X-ray Tube Assembly
The majority of x-ray tubes found in current cardiac cath labs contain only two
focal spots. The small spot will have a nominal size of 0.5 to 0.6 mm with a kW
rating for a single exposure of 40 to 50 kW. The large focal spot will be 0.9 to 1.2
mm in size with a kW rating of 80 to 110 kW. The large focal spot kW rating
should be reasonably matched to the maximum kW of the generator. It is used for
cine or digital image recordings. The small focal spot is used primarily for fluoroscopy. The small focal spot is also the correct choice for cine or digital image
recordings of small children.
The most common anode diameter provides a 100 mm diameter focal track.
This diameter provides a reasonable compromise between the required tube loading and the delay required to accelerate the anode rotational speed from low speed
[approximately 4000 revolutions per minute (rpm)] used during fluoroscopy to
high speed (10,000 rpm) used during cine acquisitions. The surface of the anode
is usually a tungsten-rhenium alloy; the rhenium is added to smooth the surface
of the anode and to reduce the loss of radiation output (Ammann and Wiede 1995).
The body of the anode is usually graphite, which increases the heat energy that
can be stored without damage due to increases in temperature. The desired small
anode angle is a compromise between field coverage and heat capacity rating of
the tube. A minimum of a 9-degree angle is necessary to cover a 9-inch field of
view (FoV) image intensifier at a Source Image Receptor Distance (SID) of 30
inches. The maximum anode heat dissipation rate should be at least 400,000 heat
units per minute (HU/min). Units with medium to large workloads should be
equipped with circulating liquid (oil or water) heat exchangers to more efficiently
and quickly convey heat from the anode body of the surrounding atmosphere outside the tube. This exchanger typically more than doubles the heat dissipation rate
of a fan-cooled housing which is typically 100,000 HU/min. This accelerated cooling allows the cardiologist to continue the case, mixing fluoroscopy with cine
acquisitions without a forced delay (Rauch and Strauss 1998).
A number of tubes are now available with three focal spot sizes, typically 0.3,
0.6, and 1.0 mm nominal size. The medium focal spot (approximately 50 kW) can
be used to record cine images on small adults with improved geometric unsharpness. The 0.3 mm focal spots (12 to 15 kW) are used for continuous or pulsed fluoroscopy. This small focal spot improves geometric unsharpness during fluoroscopy
of all patients or cine acquisitions of small children. The 0.3 mm focal spot can
also be used on small children by removing the anti-scatter grid and employing a
geometric magnification factor up to 2. The geometrical magnification method
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increases the size of a child’s small organs in the image and removes the image
intensifier from the vicinity of small patients to allow better access for the cardiologist. The geometrical magnification method for small children can also reduce
patient dose because the electronic magnification modes of the image intensifier
are avoided and the Bucky factor due to the grid is eliminated. X-ray tubes with
six focal spots are available, but three of the focal spots are smaller than 0.3 mm.
These smaller spots provide no significant clinical advantage in a cath lab that does
not use cut film changers (Strauss 1998).
Manufacturers have developed a number of new design features in recent years
to improve on the basic x-ray tube assembly described above. Eight-inch diameter anodes have been developed which rotate at approximately 3,000 rpm. The heat
capacity of the anode is significantly increased in these x-ray tubes. The low-speed
anode is much quieter than 10,000-rpm units, reducing the “drone” of the
machine, which is important during stressful cases. No delay is experienced waiting for the rotor to increase to high-speed rotation prior to the start of a cine acquisition. Some vendors have developed liquid, spiral groove bearings for their
anodes (Muijderman et al. 1989). These tubes boast significantly greater x-ray
tube heat loading characteristics than conventional x-ray tubes.
State-of-the-art collimators attached to the x-ray tube use multiple collimator
blades or blocking filters to spatially shape the x-ray beam. The area of the x-ray
beam must be limited to the FoV of clinical interest to minimize the area of the
patient subject to radiation dose, to minimize the Scatter-to-Primary (S/P) ratio
which affects subject contrast, and to prevent glare or TV camera saturation in
areas beyond the edge of the patient’s body where no attenuation of the primary
x-ray beam occurs (Rudin and Bednarck 1995).
Most x-ray beam collimators have multiple sets of orthogonal radioopaque
blades and an iris to limit the size of the x-ray beam. In addition, most collimators in cath labs also contain wedge or “contour” filters of various shapes, which
can be brought into or out of the FoV independently of the circular or rectangular
collimator blades. These shaped, blocking filters are designed to be radiolucent
and are used to eliminate regions of glare where the TV camera signal is saturated
due to minimal patient attenuation (e.g., lung fields). Means must be provided to
allow the operator to rotate these blocking filters in addition to their translational
motion (Rauch and Strauss 1998).
In recent years, manufacturers have increased the amount of uniform filtration
in the x-ray beam to provide spectral shaping of the energy of the x-ray photons
(Gagne and Quinn 1995). Several manufacturers are using relatively thick copper
filtration and reduced kVp during fluoroscopy to generate an energy spectrum
better matched to the K-edge of iodine contrast media. Some manufacturers provide more than one filter thickness that is interchanged in/out of the x-ray beam
dependent on the mode of operation selected by the operator (Rauch and Strauss
1998, Strauss 1998). This technique requires high fluoroscopic tube currents with
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the benefit of reducing patient exposure to radiation while improving image contrast (Balter 1994).

3. Tube Stand
The tube stand supports both the x-ray tube housing with collimator and the
image intensifier with imaging chain. It is designed to maintain the alignment of
the central ray for the x-ray beam to the center of the image intensifier while the
angle of the central ray changes within either the coronal or transverse plane of
the patient’s body. This cranial-caudal or lateral rotation of the x-ray tube and
image intensifier provides the necessary compound imaging angles required to
minimize superposition in the image of the tortuous coronary arteries. The cardiologist places the anatomy of interest at the intersection of the two orthogonal rotations, the isocenter, to prevent the movement of the anatomy across the FoV of
the image when the compound angles are adjusted. Translational movement of the
image intensifier parallel to the central ray is accomplished by providing a variable focal spot to image receptor distance (SID) of at least 90 to 120 centimeters
(cm) (Rauch and Strauss 1998). This allows the positioning of the input plane of
the image intensifier as close to the exit plane of the patient regardless of the
patient thickness or compound angle to minimize magnification and geometric
unsharpness in the image. The stand should provide an additional movement (e.g.
rotation about its floor or ceiling support) to allow the equipment to be quickly
removed from the vicinity of the patient when emergency access is required.
Collision guards or slip clutches are provided to prevent further power-driven
motion of the stand upon contact with the patient or other stationary objects.
Some manufacturers mount the image intensifier and x-ray tube on a “C-arm”
support that is supported on power-driven rollers allowing angulation typically in
the cranial-caudal direction. This entire assembly, C-arm and its support, is
mounted to provide rotation in the LAO/RAO direction. Another design replaces
the “C” configuration by mounting the image intensifier and x-ray tube on two
horizontal arms connected by a vertical support arm. The connections of these
three arms articulate, creating a three-sided parallelogram motion that provides the
first plane of rotation. These motions are motor driven; but since the parallelogram
is counterbalanced, most designs provide a switch that disengages the power assist
to allow rapid manual motion by the operator in cases of emergency. C-arm configurations typically provide ±45 degree rotation in the cranial-caudal direction;
the parallelogram can increase the range to ±55 degrees. Rotation in the
LAO/RAO direction is typically ±135 degrees. Most manufacturers’ equipment
is capable of storing combinations of clinically used common angles in a computer-controlled positioning system. The stand automatically moves to the
selected stored position. This system allows rapid and consistent position of the
imaging equipment (Rauch and Strauss 1998).
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Many adult cath labs are typically single-plane configurations with either a
floor- or ceiling-mounted stand. Pediatric cath labs are typically bi-plane configurations. The bi-plane configuration for pediatric cases is required because of a
small child’s limited tolerance to iodine contrast media, which is typically about
6 cc of iodine per kilogram of body weight. Vertical motion of the lateral plane
assembly is provided on some units to adjust the height of the lateral plane’s
isocenter. The entire lateral plane assembly is mounted on ceiling rails, which
allows the unit to be parked when single plane imaging is performed. This horizontal motion to/from the parked position is typically programmed and power
driven. When the lateral plane is brought into position, the vertical and horizontal travel must align the isocenter of the lateral plane with the isocenter of the
frontal plane (Strauss 1998).
A single-plane procedure room, (not including the control area) needs to be a
minimum of 14 × 18 feet depending on the design of the equipment. If the equipment is a biplane configuration, the minimum dimension becomes 16 × 20 feet.
Adequate space is necessary to provide storage for catheters and supplies,
circulation of staff around the imaging equipment, radiation shields, and space
for sterile tables. If electrophysiological studies are performed, space must be provided for this additional equipment and staff. If the cath lab will be used routinely
for pediatric patients, additional space is necessary for anesthesia equipment and
its associated staff.

4. Patient Table
Floor-mounted special procedure tabletops in cath labs are typically supported
by a pedestal base with motorized vertical motion sufficient to position any part
of the patient’s body at the vertical isocenter of the imaging plane. The tabletop
should be wide enough to support the patient, but narrow enough to allow the positioning of the image intensifier adjacent to the exit plane of the patient during lateral imaging. The length of the table must be sufficient to comfortably support a
tall adult, with some additional room. The composition of many tabletops is typically carbon fiber material. This composition provides the strength required to
support at least a 350-pound patient cantilevered from the pedestal support while
minimizing the attenuation of the diagnostic x-ray. The tabletop must “float” with
respect to the pedestal when electromagnets are released to allow axial and transverse motion of the tabletop relative to the isocenter of the imaging equipment.
The longitudinal and transverse motion of the tabletop respectively should be at
least at 100 cm and 30 cm (Rauch and Strauss 1998).
Some manufacturers can provide a ceiling-mounted tabletop on rails. This type of
table has a support column at the foot end of the table that provides the required
motorized vertical motion. Typically, the ceiling-mounted table allows more axial and
transverse travel of the patient compared to the floor-mounted unit. This additional
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motion comes at the cost of an additional obstacle, the support column, in the line
of sight of the cardiologists and staff as they view image monitors or monitors with
physiological data traces.

5. Control Console
The control console for a cine system should have the ability to select both
fluoroscopic and cine technique factors. For fluoroscopic operations, there
should be selection switches to vary from continuous to pulsed fluoroscopy.
Pulsed fluoroscopy should be available from 30 pulses per second to at least 7.5
pulses per second (Strauss 1998). For all modes, the utilized kVp and mA should
be displayed on an easy-to-read digital display indicator. Moreover, the cumulative fluoroscopy time should be displayed and a “5 minute (of elapsed fluoroscopy time) buzzer” should clearly be heard in both the procedure room and the
control booth. It is also helpful to have a fluoroscopic lock switch which can
“hold” a selected combination of “kVp/mA.” The utilized FoV of the image intensifier should also be clearly displayed on the control console. Some units allow
manual selection of kVp/mA during fluoroscopy in addition to Automatic
Brightness Control (ABC) of fluoroscopy.
The cine controls typically have a group of pre-established programs from
which to select appropriate technique factors. In general, cine frame rates from 15
to 60 fps should be available. Adult cardiac cine is usually performed at 30 fps
(Rauch and Strauss 1998) and pediatric frame rates range from 30 to 60 fps (Strauss
1998). Cine pulse widths are typically 2 to 10 msec (Cardella et al. 1994; Pepine
et al. 1991). The x-ray tube potentials should start above 60 kVp in order to limit
patient radiation dose and can go up to 120 kVp. Cine tube current values generally range from 50 to 800 mA. The ABC system automatically adjusts some
combination of kVp, mA, and pulse width during cine operation to maintain the
appropriate image quality. For cine, there should be several pre-programmed technique factors using different frame rates, starting kVps, starting pulse widths, and
cine run durations. The control console should, at a minimum, display the cine
kVp and mA(s) on an easy-to-read digital display. The light levels exiting the
image intensifier may be indicated during cine filming as a relative check of proper
cine film exposure. There should also be a button to mechanically advance the cine
film (“jog” button). Finally, the control console should have an indicator to show
the amount of film left in the cine film magazine. Digital imaging systems need
similar function-related buttons. There should also be a “x-ray on” indicator and/or
a door interlock indicator.
Many modern control consoles are relatively small and are about the size of a
computer keyboard. Moreover, there are additional switches that enable various
digital image processing features to be selected and to have both fluoro and cine
digitally recorded images to be immediately replayed. Moreover, many control
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consoles display the heat loading on the x-ray tube and prevent additional x-ray
exposures after a certain percentage of the heat loading is reached. The indicators
on the console should also display which focal spot size has been selected. A
method to digitally label the cine film and/or the digital recording would be useful.
Moreover, because of the high radiation doses involved in state-of-the-art procedures, federal regulations are currently being considered which would require the
monitoring and recording of each patient’s radiation dose. Currently, either a dose
area product meter or monitoring equipment designed to measure the entrance skin
exposure is available with various types of display and recording capabilities of
the data (Strauss 1995).

6. Image Intensifier
The first task in the selection of an appropriate image intensifier for cardiac studies is the determination of the appropriate FoV. For adult studies, a 9 to 11 inch (23
to 27 cm) size is used for large anatomical location and to help direct the catheters
to the vicinity of the heart. For actual cardiac imaging, smaller FoVs are used to
improve spatial resolution. Typical 4.5 to 6 inch (11 to 15 cm) FoVs are generally
used. This is accomplished by utilizing multiple FoV image intensifiers (Cardella
et al. 1994; Pepine et al. 1991).
Pediatric cardiac studies use smaller FoVs due to the small size of the pediatric
heart. There is no need to have an image intensifier any larger than 9 inches (23
cm); the 4.5 inch (11 cm) FoV would be commonly employed for most pediatric
imaging studies.
Modern image intensifiers typically have 3 to 4 (or more) electronically
selected FoVs on a single unit. Smaller FoVs result in higher radiation doses to
the patient and the ABC system may increase the kVp to accomplish this requirement. This range of FoVs is advantageous by permitting the physician to select
the appropriate size, spatial resolution, and radiation dose for the procedure being
performed.
For a given image intensifier, a smaller FoV increases spatial resolution and
simultaneously increases the radiation dose to the patient. Although devices like
variable iris, variable gain of the Television System, and the Automatic Brightness
Control (ABC) system affect the amount of radiation dose delivered to the patient,
each step of magnification (FoV) change generally results in a 40% to 100%
increase in the patient radiation dose.
In addition, image intensifiers can have different thicknesses of the CsI (cesium
iodine) input phosphor. Thinner phosphor layers improve the spatial resolution; however, the absorption efficiency for x-ray photons is reduced. Hence, thin phosphor
layers result in an increase in the radiation dose to the patients. Conversely, thicker
phosphor layers degrade the patient resolution while reducing the radiation doses
to the patients. The relative efficiency of the image intensifier can be assessed by
determining its “conversion gain.” The conversion gain is a ratio of light output
8

of the image intensifier divided by the radiation input into the image intensifier.
The conversion gain degrades over time with usage of the image intensifier.
Degradation of 5% to 15% per year can be expected; and image intensifiers that
are used in cardiac cath labs are usually replaced within 4 to 7 years (Blume 1995,
1998; deGroot 1991).
For cardiac studies, the image intensifier should have a conversion gain of 250
to 450 cd/m2-sec/mR. The spatial resolution of the image intensifier is usually
specified in the smallest FoV; it should be about 5.0 to 6.0 linepair per millimeter
(LP/mm). Since direct measurement of the image intensifier spatial resolution
requires some disassembly of the television system, it is usually measured with
the cine film or digital cine imaging. A 10% to 15% degradation in the spatial resolution of the image intensifier is expected when it is measured with cine film.
Thick glass input surfaces on the image intensifier can attenuate the x-ray
beam. Hence, some image intensifiers use thin, high-strength metals like titanium.
The use of special input windows for the image intensifiers is appropriate for cine
systems.
The use of an electronically controlled iris at the output window of an image
intensifier can have an appreciable effect upon the patient radiation dose. This
device opens or closes its aperture under certain conditions in order to permit more
or less light from the image intensifier to be incident upon the television camera
and/or cine camera. This results in a reduced or an increased radiation dose with
an accompanying increase or decrease in quantum mottle. This adjustable iris may
be used to change the radiation dose delivered to the entrance plane of the image
intensifier as a function of available operator-selected dose settings, as a function
of the selected FoV, as a function of available changing filter thicknesses placed
in the x-ray beam, or possibly as a function of the operator-selected pulsed fluoroscopy pulse repetition frequency (Strauss 1995, 1998).
Other factors that influence image intensifier performance are spatial distortion, non-uniformities, contrast ratio, and blooming (Blume 1995, 1998; deGroot
1991). In the large FoV, lines are often distorted similar to the lines on a “pincushion.” However, for the small FoVs, the distortion should be minimal.
“Vignetting” is the term that indicates that the light intensity at the center of the
image intensifier output surface is brighter than at the periphery. This effect should
be minimal in the smaller FoVs and often the television system attempts to electronically correct for vignetting. Nevertheless, dark or light spots may sometimes
be apparent in the image. These features could be the result of a “gassy” image
intensifier or non-uniform coating or phosphor burns into the image intensifier or
television camera. The latter represent grounds for rejecting the image intensifier.
The image intensifier should have a high contrast ratio; this is usually evaluated by
imaging a lead disk placed in the center of the image intensifier input surface. The
difference in brightness between the disk and surrounding surface provides the contrast ratio. Low contrast visibility can also be examined to evaluate the contrast
ratio and the mottle of the image intensifier. Finally, the light from relatively
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unattenuated x-rays can obscure surrounding areas. This effect is called “blooming”
and it should be examined because the lung area outside the heart can exhibit this
effect. Some systems use shaped x-ray beam filters to limit the blooming from the
lung areas.

7. Grids
Cardiac imaging often employs lateral oblique projections that attenuate the xray beam and produce a significant number of scattered photons. The scattered
photons tend to reduce the contrast of coronary arteries and obscure the visualization of smaller arterial vessels and branches. Hence, the use of appropriate
grid(s) to remove much of the scattered radiation results in a contrast improvement and an ability to see smaller vessel sizes. The usage of grids may result in
an increase of radiation dose to the patient by a factor of 2 to 4 times.
The ideal grid would provide a high percentage of primary radiation transmission and a high percentage of scatter radiation attenuation. The grid should be circular in shape in order to properly fit the image intensifier and to ensure the
alignment to the central ray of the x-ray beam necessary to prevent grid cutoff of
primary photons.
Usually, carbon fiber interspace material is utilized in order to improve primary
radiation transmission. Although parallel and crossed grids have been employed in
the past for cardiac studies, the most common grid for these studies is a focused grid.
In order to accommodate a range of SIDs, low grid ratios are utilized. Typically,
grid ratios of 4:1 up to 8:1 are used (Sandborg et al. 1993). The focal distance of
the grid depends upon the x-ray tube/image intensifier mechanical support system
being used. Modern cardiac imaging systems typically have an ability to vary the
SID from 80 cm up to 120 cm. The grids should have a usable focal range that
accommodates these variations. It is important to have the grid lines mounted
perpendicular to the television raster lines to avoid interference (Moiré) patterns. Because the grids are stationary, thick grid lines would obscure small vessels. Therefore, thin grid lines with a high number of lines per inch are usually
employed. Finally, there should be a mechanism to easily remove grids for
physics/x-ray service test procedures. This feature also allows removal of the grid
by the operator when air gap techniques are used to geometrically magnify the
pediatric patient’s small anatomy in the image (Strauss 1998).

8. Television System
Digital recording of fluoro and cine images is usually taken from the television
system. Hence, the television system should be designed to provide appropriate
image quality for these studies. Foremost, the television system for cardiac studies
should exhibit minimal persistence of the images so that frame rates up to 60 fps
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can be accommodated. This feature is termed minimal lag and must be measured
with a dynamic test, such as the spinning spoke patterns.
In order to have spatial resolution capable of visualizing small vessels and
catheters, a high line rate television system is required. Typically, a 1023 line television system is used for cardiac cath rooms. In order to have equal horizontal/
vertical resolution, the television system should have a bandwidth of approximately
15 megahertz (MHz). With the appropriate bandwidth, television images can display spatial resolutions of 2.8 to 3.2 LP/mm in the smallest FoV (Blume 1995,
1998; Bushberg et al. 1994; Homes et al. 1986; Seibert 1995).
For digital recording, scanned progressive imaging instead of interlaced television scanning of the raster lines is employed. Standard fluoroscopic television
systems image every other line in the raster in a time of 1/60 second; then, the
missing raster lines are scanned in the next 1/60 second. This method of display
is known as interlaced scanning. The reason for this method is to prevent flicker
and make all motions seem continuous to the human eye, which needs frequencies above 50 Hertz (Hz). Scanned progressive television systems (for digital systems) use short, high-intensity bursts of x-rays to create bright images that persist
due to phosphorescent glow. The television system then scans the images sequential by consecutive raster lines and stores the images digitally. The images are then
refreshed on the display monitor at a high rate to prevent flicker to the eye. The
advantage to the scanned progressive method is improved spatial resolution due
to reduced motion blur.
Because of the large amount of data and its rapid rate of production during cine
recording, these systems may use only a 525 line matrix for digital recording at
60 fps. The digital processing speeds are improving, and state-of-the-art equipment progressing towards supporting full 1023 lines of data during cine digital
recording at 60 fps for single plane or 30 fps for biplane.
Modern television monitors utilize high refresh rates in order to limit jitter and
stroboscopic flicker effects. Some monitors utilize refresh rates of 120 Hz. Large
monitors make it easier to visually observe smaller structures. Some modern
monitors have photocells, which adjust brightness to accommodate for room
background brightness variations. Furthermore, last image hold (“freeze frame”)
is a feature on many television systems, designed to reduce fluoroscopy time.
The television system should be able to reverse and to rotate images in order
to accommodate the physician’s perspective. Non-uniformities of brightness on
the television images should also be evaluated because excessive light can cause
permanent burn marks on the pick-up tube phosphor.
Solid-state [CCD (charge-coupled device)] pick-up devices or direct digital radiation detector matrices may represent the future in cardiac imaging systems; however, currently these devices are either too noisy or have degraded spatial resolution
for cardiac usage (Calais et al. 1995). Larger pick-up surfaces of the television
camera tube result in improved spatial resolution at the expense of increased
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mottle and/or radiation doses. Modern television monitors have special coatings
to reduce the light background glare from their surfaces.

9. Cine Lenses and Apertures
Figure 1 depicts the relationship between the objective lens, the aperture and
the cine lens. The aperture is a small opaque disk with a hole in it, which is placed
between the objective lens and the cine lens. As the aperture size is decreased, the
amount of light transmitted to the cine lens is decreased. The amount of light
transmitted is proportional to the ratio of the f-number of the apertures squared.
A large f-number value represents a small hole that transmits little light. The
aperture is used in conjunction with the image intensifier input exposure rates
(IIIER) to control the patient radiation doses and the quantum mottle, which is
apparent upon the cine film. Apertures with small hole sizes (i.e., a large f number)
reduce quantum mottle and increase patient radiation doses. The entire selection
process is also influenced by the cine film selection and the cine film processing
conditions (Rauch 1996; Judkins 1983; Sprawls 1979; Lin 1988).
The principal lens or “objective” is mounted so that the output phosphor of
the image intensifier is in the focal plane of the lens. The objective lens collimates
the light emitted from the output phosphor producing a parallel beam of light. The
cine camera or television camera lens then collects and focuses the light onto the
image plane. The objective lens is actually a series of many lenses designed to
increase light collection efficiency while correcting for aberrations. The focal
length and f-number of the objective lens varies widely among x-ray equipment
manufacturers.
The cine lens focal length determines the diameter of the light image being
projected upon the cine film. The ratio of the diameter of the cine image to the
diameter of the output phosphor of the image intensifier is related to the ratio
of the focal length of the cine lens divided by the focal length of the objective
lens. As the focal length of the cine lens is increased, the cine image size expands
and exceeds the rectangle area on the cine film being recorded. This phenomena is called “overframing.” Figure 2 illustrates overframing. Overframing
improves image resolution by expanding the imaged anatomy over a larger surface area on the cine film; however, some of the image FoV is outside the
exposed area of the cine film and is not visualized when overframing is used.
The light that is beyond the imaged area does not contribute to darkening the
cine film density; thus, more radiation is required for overframed cine images.
Typically, a 100-mm cine lens is used in pediatrics to provide total overframing
(Strauss 1998). Provided the operator collimates the x-ray beam to the small
anatomy of interest, none of the patient’s irradiated anatomy falls outside the
film FoV. Typically, a change from an 80-mm to a 100-mm cine lens improves
spatial resolution 15% to 20%, but requires approximately a 30% to 35% increase
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Figure 1. Drawing illustrating the various optical components in a cine film imaging
system. The influence of the aperture to remove light is shown; thus, it can increase patient
dose and reduce quantum mottle on the film.

in radiation dose to the patient to maintain typical noise characteristics in the image.
Both 80-mm and 100-mm cine lenses have been used for adult cine imaging
(Judkins 1983; Sprawls 1979; Lin 1988).
It is important that the physicist is aware of the aperture size and cine lens
selected for cine film recording. These parameters have a considerable impact
upon both the cine image quality and the patient radiation dose.
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Figure 2. The drawing illustrates Maximum Horizontal Overframing of the image intensifier circular light image upon the rectangular area of the cine film that is used to record the
cine frame. Overframing extends some of the circular light from the image intensifier outside the cine film frame. This type of framing improves the spatial resolution at the expense
of increased patient radiation dose and some anatomy which is not imaged on the film.

10A. Cine Fluoroscopic Cameras
The cine camera uses single-emulsion, 35 mm wide roll film that has sprocket
holes along the edges. The film transport mechanism uses the sprocket holes to
feed the film through the camera in precisely timed increments and at frame ranges
typically 30 or 60 fps. In the cine camera, the film must be stationary during the
exposure and held precisely in the focal plane of the camera lens. The region
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inside the camera where a section of the cine film is positioned for exposure is
called the film gate. Reproducible position registration for successive frames in the
cine camera and in the projector is essential for stability of the projected image.
Recording and subsequent playback of cine images at less than 30 fps will produce
noticeable flicker. Prior to exposure, an aperture plate, which has a cutout portion that
defines the exposed area on the film, presses the film flat against the film gate. The
film emulsion outside the aperture opening remains unexposed and is cleared during
film processing. During film transport a mechanical shutter is incorporated to mask
the film from residual light emitted by the output phosphor. The rotation shutter is
synchronized to the camera frame rate so that one revolution of the shutter corresponds to one image frame. The shutter opening and frame rate define the maximum
allowed exposure time per cine frame (Sprawls 1979; Lin 1988; ICRU 1969).

10B. Image Framing
The aperture opening and the magnification produced by the optical system determine the image framing (Figure 2). For cine cameras the aperture opening is rectangular with dimensions 18 mm high × 24 mm wide. The magnification is calculated
from the ratio of the focal length of the camera lens divided by the focal length of the
objective. Table 1 shows that selection of the image framing type is a trade-off
between capturing more of the image from the output phosphor or using more of the
cine film frame for recording the image. With exact framing, the image diameter is
18 mm, and 100% of the image is recorded but only 58% of the cine frame is exposed.
At the other extreme, total overframing produces an image with a 30 mm diameter
that exposes 100% of the cine film frame but captures only 61% of the image from
the output phosphor. The optimum framing is generally somewhere between exact
framing and total overframing (Judkins 1983; Curry et al. 1984).
Table 1. Properties of Various Cine Film Framing Schemes

Framing Mode
Exact Area
Mean Diameter
Maximum
Horizontal
Subtotal
Overframing
Total
Overframing

Diameter of Circular
Light Image on
Film (mm)

Percent of Film
Area Used %

Percent of Image
Intensifier Area
Unused (%)

18
21

58
73

0
4

24

88

16

27

96

28

30

100

39
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11. Digital Imaging Systems
The challenge with digital imaging is the sheer volume of the digital data. Typical
diagnostic cardiac catheterization procedures in adults involve the imaging of 5 to 10
runs of a 6 to 7 second duration each with 30 fps. Thus, each patient study contains
2000 or more images. The minimum specifications of a 512 × 512 matrix and a pixel
depth of 1 to 1.5 Bytes (8 to 12 bits) to capture the transmitted x-ray intensity data,
result in each image and the entire study containing about 0.25 to 0.39 and 500 to
750 Megabytes (MB) of data, respectively. While the improved spatial resolution of
a 1024 × 1024 matrix is preferred, the larger matrix size has disadvantages of
increased quantum mottle and/or radiation dose to the patient as well as much larger
data rates and total image data. The data acquisition rates for a 512 × 512 matrix are
typically 7.5 to 12 MB per second which is equal to 60 to 90 MHz; for the 1024 ×
1024 matrix, the data rates would be four times greater. Bi-Plane Cardiac Cath
systems double the data acquisition rates that would have to be handled. For these
reasons, most current equipment utilizes the 1024 × 1024 matrix only at lower
frame rates of imaging; whereas, the 512 × 512 matrix is routinely used for most
clinical studies (Saalfrak 1998; Holmes and Wondrow 1990; Nissen 1996).
The spatial resolution of digital systems is determined by the image acquisition equipment (e.g., video system), the matrix size, and the image intensifier FoV.
Generally, the calculated spatial resolution is equal to half the matrix size/FoV in
millimeters. For 512 × 512 matrix with a 150 mm FoV, the calculated spatial resolution would be about 1.7 LP/mm. The 1024 × 1024 matrix size would increase
spatial resolution to about 2.5 to 3.0 LP/mm. Even though these values for spatial
resolution are less than cine film imaging, digital systems have improved dynamic
range, image processing capabilities, noise suppression, and networking and have
image storage/display advantages. Hence, many cardiac cath labs are utilizing digital cine image acquisition.
Most current digital cine imaging is done by digitizing the video signal from a
high-quality television camera. The analog signal from a television camera goes
to an Analog-to-Digital Converter (ADC) and then it is transmitted to the digital
storage buffer for temporary storage. In the future, one can expect the analog television cameras to be replaced by CCDs that will directly acquire the image as a
digital image. Moreover, the image intensifier and television camera may be
replaced by a direct radiation detector/imaging system in a few more years; such
systems are currently under development and testing.

12. Digital Image Storage, Retrieval, and Display
There are a number of issues related to the storage of digital cardiac cath images
and their display. The first issue is related to the standardization of the digital image
data. Currently, most systems utilize a standard developed by the American College
of Radiology and the National Electrical Manufacturers Association (ACR-NEMA).
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There are a number of modified versions of this standard; however, currently, the
standard is the Digital Image Communication in Medicine protocol (DICOM 3.0).
Next, the storage media for digital cardiac images have evolved from stacked
magnetic disks, to digital archival tapes (DAT), to large optical disks and other
devices. A common data storage device currently is either compact disks which can
be written to one time and read many times (CD-ROM) or to erasable compact disks
(CD-R/W). These disks are relatively inexpensive and hold about 650 MB of information. Thus, these disks have a capacity to store one complete diagnostic cardiac
cath study on a single CD. The CD disks are small, can be readily transported or
mailed, and the long-term storage facility for many clinical procedures on CD is
much less than the space required for the storage of many canisters of cine film.
Usually, a single CD can store one diagnostic patient study, and it can be read and
displayed on a workstation with a Video Display Terminal (VDT). This system is
the digital substitute for the cine film and 35 mm film projector. Nevertheless, digital storage and retrieval media are certain to continue to evolve in the future, permitting more digital storage on smaller devices (Cusma and Holmes 1998; Cusma
et al. 1994; Mancini 1986). Unfortunately, at this time, a clear cut media “of choice”
has not been chosen as an industry standard (Cusma et al. 1994).
Other issues of concern with digital imaging include networking, technology
becoming obsolete within a few years, data compression schemes, quantification
of clinical parameters, and image processing and display formats. Networking can
permit cardiac studies to be easily viewed at many sites within a medical facility
or transmitted electronically to other medical facilities. If DICOM-compatible
technique information can be saved [ i.e., kVp, mA FoV, Source Skin Distance
(SSD), machine mode, projection angles, etc.], subsequent calculations of skin or
organ radiation doses involve much fewer assumptions. If it is relatively lossless,
data compression schemes can reduce the volume of digital data needed to be
transmitted and/or stored. Many quantification programs automatically can provide measurements required for clinical decisions such as Left Ventricular
Ejection Fraction (LVEF) and the percent stenosis of various coronary vessels.
Finally, design of the image display station is important. Current VDTs are limited to a matrix size of about 2500 × 2000. If multiple images are to be simultaneously displayed, the resolution is degraded. Furthermore, the light intensity of
VDTs is less than cine projector systems and the image gray scale may appear to
be different to the physician. These concerns about digital technology must be
carefully addressed when acquiring a digital solution.

13. Cine Film Imaging
There are a number of different concerns related to cardiac imaging with cine
film. The image quality is not only dependent upon the x-ray equipment, but it
also depends upon the cine film type selected and the chemical processing of the
film. These various types of cine films have different tints, background densities,
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speeds (which affect the patient radiation dose), dynamic range, and average
contrast gradients. The film processing can alter the design parameters for the
film. Film processing must carefully adjust and monitor the film transport speed,
the chemistry replenishment rates, the developer temperature, darkroom light
fog, equipment preventative maintenance, and replacement time period for the
chemistry. A cine film processor Quality Control (QC) program is essential to
provide optimization and stability (Retzlass 1998; Haus 1993). In general, a light
sensitometer should be used to expose the cine film leader (of each clinical
study) to a series of density steps. These steps should be plotted on a daily basis
and monitored for unanticipated variations. A chemistry company should be
contracted to clean the processor, to make adjustments and repairs, and to dump
used chemistry on a regular basis. The cine cameras themselves require cleaning and lubrication on a specified interval (Rauch 1995, 1996). Proper adherence to these recommendations tends to provide consistent image quality over
a period of time.
Disadvantages of cine film imaging include the delay time between image
acquisition and review, which can be 5 to 15 minutes, and the fact that the physician
is required to leave the room to view the study with a cine projector. If something
deleterious happens to the cine processing or the film is exposed to light, the entire
study may be ruined or degraded. Other items include the cost of the film, film
processing, chemistry, film processor maintenance, and staff devoted to cine film
processing. Over a several year period, the cost for a cine film system is much
greater than the cost of the total digital system. There is also the issue of the space
required for the cine film processing and film supplies and cine film archival
storage. Despite these disadvantages, cine film has superior resolution over digital
systems and there is a lower initial capital cost for its acquisition. Currently, the
cardiac cath labs in the United States are about equally split between being exclusively digital and exclusively film based.

II. PHYSICS TEST PROCEDURES
FOR CARDIAC CATH LABS
1. Beam Quality
The penetrating ability or quality of an x-ray beam is usually described by its
Half-Value Layer (HVL). The HVL is the thickness of material required to reduce
the beam intensity to one-half its initial value. HVLs are measured in terms of millimeters of 1100 grade aluminum.
Some models of modern cardiac cath equipment select the x-ray tube filtration
for up to four different thicknesses depending on the selected mode of operation. The
selected filtration is minimized for adult cine modes of operation and maximized
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Figure 3. The apparatus and geometry utilized for Half-Value Layer (HVL) measurement
of the x-ray beam penetration utilizing fluoroscopy mode.

for pediatric cine modes or all modes of fluoroscopy. The design and setup of any
variable filter feature on a unit should be understood from consultation with the
vendor prior the beginning of measurements.
The HVL is commonly measured in the fluoroscopic mode on units equipped
with one standard filter thickness. The x-ray tube is placed under the patient table
and a stand is used to hold the radiation detector. In order to limit the amount of
scattered radiation being measured, the x-ray beam is collimated to a small size
(e.g., <5 cm × 5 cm); and the detector is placed at least 30 cm from the Aluminum
attenuation material. Figure 3 illustrates the geometry often used.
It is vital to keep the x-ray tube current (mA) and tube potential (kVp)
constant during the entire measurement process. If manual mode fluoroscopy
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can be selected, the x-ray tube potential is set at 80 kVp and a tube current is fixed
at a value which delivers an exposure rate of at least 1 Roentgen/minute (1 R =
2.58 × 10−4 coulombs/kg-m in air at STP). If the system always utilizes Automatic
Brightness Control (ABC) and has a button to lock the x-ray technique factors,
attenuation material is placed between the detector and the image intensifier to
drive the kVp to 80; and the technique lock button is enabled to hold the kVp and
mA values fixed. If the system always utilizes the ABC mode and does not have
a technique lock button, the aluminum filters which are used in the measurement
and other attenuation material are placed between the detector and the image intensifier in order to drive the x-ray tube potential to 80 kVp. For this latter system,
the aluminum filters will be moved from this position to the table (leaving the total
attenuation material in the x-ray beam unchanged) for the measurements.
The first measurement is made with no attenuator between the x-ray tube and
the radiation detector. Increasing thicknesses of aluminum attenuator are then
placed in the x-ray beam on the table between the x-ray tube and the detector. The
measurements of the exposure rate for each thickness of aluminum attenuation
material are recorded. By the equation shown below, the HVL can be calculated
from the measurements.

 2E 
 2E 
Tb 1n  a  − Ta 1n  b 
 E0 
 E0 
HVL =
E 
1n  a 
 Eb 
where

Ta = thickness of aluminum used to obtain Ea
Tb = thickness of aluminum used to obtain Eb
E0 = exposure reading without any added aluminum
Ea = exposure reading just greater than 0.5 E0
Eb = exposure reading just less than 0.5 E0.

Regulatory agencies require that the measured HVL be equal to or greater than
2.3 mm of aluminum equivalent for a unit with fixed added filtration or for a variable filter unit when the minimum filtration is utilized. However, since the measurement is through the patient table and since the manufacturers often place
additional filtration in the collimators of cardiac cath x-ray tubes to reduce the
patient radiation doses, the measured HVL is typically much higher than the minimum required value. With added filtration between 1.0 mm aluminum and 1.0 mm
of aluminum plus 0.2 mm copper, the measured HVL at 80 kVp for cardiac cath
equipment is usually between 3.5 and 4.5 mm of aluminum equivalent. Both
excessively low and excessively high values of HVL relative to this range are
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undesirable (NCRP Report 99, 1990; FDA 1975; Seibert et al. 1994; Moore 1990;
Lin 1998; Gray et al. 1989).
Some units have several selectable filters, which include copper filters, that
range in thickness from 0.1 to 0.6 mm. Typically, an additional 1 mm of aluminum filtration is added between the copper and patient to attenuate characteristic x-rays from the copper. Measured HVLs at 80 kVp with 0.6 mm added
copper filtration may be as large as 7.5 to 8.5 mm aluminum equivalent
(Strauss 1998).

2. Fluoroscopic X-ray Radiation Output
The fluoroscopic x-ray output measurement provides information about the
calibration of the equipment, condition of the x-ray tube, and any potential
changes of the filtration. A low radiation output could mean either the kVp or mA
(which is difficult to assess non-invasively) are low. Other causes include deterioration of the x-ray tube and increase in the x-ray tube filtration. High values in
the radiation output suggest errors in the x-ray generator calibration: either high
kVp or mA calibration. Another cause could be the removal of filtration from the
x-ray tube. Hence, the comparison of fluoroscopic x-ray output measurements
from one QC period to the next QC is a good consistency check.
The x-ray tube is placed under the patient table in the vertical (P/A) configuration. The radiation detector is placed on the table and the table height is
adjusted to approach 45 to 50 cm between the table top and the focal spot. The
image intensifier is placed at least 30 cm above the radiation detector. A test
stand is used to position aluminum or copper attenuator sheets in the x-ray beam
near the image intensifier. The x-ray beam is collimated larger than the radiation
detector size (e.g., 10 cm × 10 cm). The unit is operated in the ABC-controlled fluoroscopic mode. Sufficient attenuation material is placed in the x-ray beam to
adjust the x-ray tube potential to around 100 kVp. The fluoroscopic kVp and
mA are recorded along with the measured fluoroscopic radiation exposure rate.
The radiation output is normalized by dividing the measured radiation exposure
rate by the indicated x-ray tube current (mA) to get units of [R/(mA-minutes)].
(Note: 1 R = 1 Roentgen = 2.58 × 10−4 coulombs/kg-m of air at STP.) (NCRP
Report 99, 1990; FDA 1975; Seibert et al. 1994; Moore 1990; Lin 1998; Gray
et al. 1989).
For minimally filtered x-ray beams at 45 cm from the focal spot and an x-ray
tube potential of 100 kVp, the expected radiation output would be about 2.0 to 3.0
[R/(mA-minute)]. For fluoroscopic units with significant x-ray beam filtration
(e.g., 0.2 to 0.6 mm of copper) under the same measurement conditions, the radiation output would be expected to be 1.0 to 2.0 [R/(mA-minute)]. Variations in
the measured radiation output values over a period of time or measurements outside the suggested range of values may be indicative of potential problems.
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3. Typical Patient Entrance Skin Exposure
Rates (ESER)
The purpose of this measurement is to assess the typical patient entrance exposure rates during fluoroscopy and cine imaging in all FoVs, i.e., magnification
modes. Excessively high values would signal something in the system being suboptimal and serve as a check on patient radiation safety. Furthermore, the values can
be posted in the form of a chart to enable the physicians to estimate the typical
radiation doses that they are delivering to the patients from various clinical procedures. Variations in the measured values over a period of time are indicative of
instabilities in the equipment and possible degradations in the equipment with age.
If the distance between the x-ray tube and the image intensifier (SID) is
adjustable, the smallest SID is chosen for this measurement. The vertical configuration of the x-ray tube/image intensifier assembly is utilized. The radiation
detector is placed on the table and attenuating material is placed on a suitable stand
above the radiation detector so that the geometry simulates a patient with
backscatter. The attenuating material (aluminum, plastic or a water filled container) should be thick enough to represent the attenuation of the x-ray beam with
a typical patient in the x-ray beam. The attenuating material thicknesses that simulate a child, small adult, and large adult respectively are about: 10, 20, and 30 cm
of acrylic plastic; 10, 20, and 30 cm of water; 2.5, 5, and 7.5 cm of aluminum.
Measurements simulating adults should be made with the anti-scatter grid in place.
(Remove the anti-scatter grid when simulating children, provided this represents
clinical practice.) The patient table is positioned as close to the x-ray tube as possible while yielding an image intensifier to radiation detector distance of approximately 30 cm. The simulated patient ESER should be measured in this geometry
with all FoVs, all fluoroscopic modes (continuous and pulsed modes) and cine
imaging (film and/or digital).
With 3.8 cm of aluminum (∼15 cm of water or acrylic plastic) attenuation material, the fluoroscopic tube potentials in the ABC mode of operation should be
between 70 to 90 kVp. The measured fluoroscopic entrance skin exposure rates
(FESER) should be in the range of 1.0 to 4.0 R/minute for all FoVs (magnification modes) for the continuous mode of fluoroscopy. (Note: 1 R = 1 Roentgen =
2.58 × 10−4 coulombs/kg-m of air at STP.) The lower portion of the FESER would
be for the largest FoV (least magnification), and the upper portion of the FESER
range would be for the smallest FoV (most magnification). In general, the FESER
during pulsed fluoroscopy at 30 pulses per second is about 20% to 30% lower than
the FESER of continuous fluoroscopy. The FESER at lower pulse frequencies will
be less. Typically, the FESER is 40% to 60% less for fluoroscopy used at 15 pulses
per second. The cine patient entrance skin exposure rates (CESER) should be
expressed in mR/frame of cine imaging. For the 3.8 cm aluminum attenuation
material, the measured CESER should be in the range of 8.0 to 20.0 mR/frame
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depending upon the FoV (magnification) and the cine mode (film or digital).
(Note: 1 mR = 1 milliRoentgen = 2.58 × 10−7 coulombs/kg-m of air at STP.) (NCRP
Report 99, 1990; FDA 1975; Seibert et al. 1994; Moore 1990; Lin 1998; Gray et al.
1989; Boone 1993).

4. Maximum Fluoroscopic Entrance Skin
Exposure Rate (MFESER)
The purpose of this measurement is to ensure that the maximum patient entrance
exposure rate is kept below a designated value so that excessive radiation doses are
not delivered to patients because of equipment setting such as the maximum tube
current value, magnification mode selected, degraded image intensifier/television
system gain, and/or large patient size. Nevertheless, because of equipment systems
which increase the maximum tube current with larger x-ray tube to image intensifier
distances (SID control systems) and patient positioning relative to the x-ray tube, this
value can still be exceeded in clinical imaging procedures with patients. Regardless,
this maximum value still provides a fluoroscopic guideline that helps to limit the
patient radiation doses.
The measurement geometry and conditions are the same as utilized for patient
fluoroscopic entrance skin exposure rate (FESER) described above with the
exception that the measurement is made with the gantry in the lateral position to
determine patient entrance exposure without the attenuation afforded by the table
top and table pad. The other difference is the addition of a 3.2 mm (0.125 inch)
lead plate to the attenuation material in order to cover the visible FoV. All FoVs
and fluoroscopic modes (manual, continuous and pulsed modes) that are provided
on the equipment should be tested. The MFESER should be recorded along with
the tube potential (kVp) and tube current (mA) that the fluoroscopic ABC system
selects (NCRP Report 99, 1990; FDA 1975; Seibert et al. 1994; Moore 1990; Lin
1998; Gray et al. 1989). The component of the measured reading attributable to
backscatter should be removed during recording of the data. Failure to do so will
result in MFESER values up to 30% less than the allowed value depending on the
choice of phantom material (Strauss 1995).
Regulatory requirements specify that the MFESER for a system with ABC
and without a High Level option shall not exceed 10.0 R/minute. (Note: 1 R =
1 Roentgen = 2.58 × 10−4 coulombs/kg-m of air at STP.) For systems with ABC
and a High Level option for fluoroscopy, the MFESER should not exceed 10
R/minute in normal operation and 20 R/minute in High Level operation which also
requires a two-level foot pedal and a special buzzer to indicate the mode has been
activated. Older systems may have different limits, but many local regulatory
agencies have applied these limits even to older systems. For systems without
ABC fluoroscopic operation, the MFESER must not exceed 5 R/minute.
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5. Input Radiation into the Image
Intensifier (IIIER)
The cardiac cath equipment service personnel regulate the radiation exposure
levels by adjusting the measured radiation levels at the entrance plane of the image
intensifier for different image FoVs (magnifications), different imaging modes
[fluoroscopy (continuous or pulsed) and cine], or different amounts of added filtration. Hence, it is important that this level be monitored during routine QC testing. Baseline values need to be established against which temporal changes can
be identified. In addition, absolute measured values can be compared to current
standards of operation.
For these measurements, a phantom (typically aluminum or copper) of appropriate thickness to drive the selected kVp to approximately 80 kVp is placed on the
patient table near the x-ray tube. The image intensifier is raised to its maximum
distance (SID) so that it is away from the scatter of the attenuator. If possible, the
anti-scatter grid should be removed. If this is not easily achievable, a correction
factor for the grid (typically 1.3 to 1.8x) x-ray beam attenuation needs to be determined. A pancake ionization detector is positioned at the input plane of the image
intensifier. If the grid is removed and the exposed surface is the surface of the
image intensifier, the radiation detector must be mounted on a suitable stand. If
the surface of the image intensifier is still covered, the radiation detector may be
taped directly to the protective cover (taping the detector directly to the input surface of the image intensifier could damage the unit). The equipment is operated
and the measured image intensifier input exposure rate (IIIER) values are recorded
in the ABC mode with all FoVs, in all modes of fluoroscopy and cine, and with all
combinations of added filtration. Usually, the measurements are corrected to remove
the backscattered radiation from the image intensifier surface (NCRP Report 99,
1990; FDA 1975; Seibert et al. 1994; Moore 1990; Lin 1998; Gray et al. 1989).
Appropriately measured IIIER (with appropriate corrections for the grid and
the backscattered radiation) are a function of the manufacturer’s design. The operating design of the equipment must be understood to allow proper setup of IIIER
values. In general, for a 23 cm (9 inch) FoV image intensifier with standard added
filtration operating in continuous fluoroscopy or pulsed fluoroscopy at 30 pulses
per second in the “standard” or “medium” dose modes, the IIIER value should be
75 to 100 µR/sec. (Note: 1 µR = 1 microRoentgen = 2.58 × 10−10 coulombs/kg-m
of air at STP.) In the cine film mode, the measured IIIER (with appropriate corrections) should be, 10 to 20.0 µR/frame in the 23 cm (9 inch) FoV. In practice,
most cardiac cath image intensifiers usually have a 22.9 cm (9 inch) input surface
size with various selectable FoVs.
Relative to the standard values given in the previous paragraph, the measured
IIIER will change as follows. Depending on whether the manufacturer changes (or
does not change) the adjustable iris in front of the TV or cine cameras, in both the
fluoroscopic and cine modes, the IIIER as a function of the FoV will probably be
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one of the following: (Strauss 1995, 1998).
IIIER α 1area of FoV

or

α 1diameter of FoV.

If the manufacturer provides operator selectable exposure values during fluoroscopy, typically each increase/decrease in exposure setting with respect to the
“standard” or “medium” level doubles/halves the IIIER relative to its original
value. If the machine provides variable rate pulsed fluoroscopy with a fixed exposure value per radiation pulse (Strauss 1995, 1998), then
IIIER α pulse rate.
If the machine allows the exposure per pulse during fluoroscopy to be increased
as the pulse rate is decreased to keep perceived noise levels during the lower pulse
rates constant relative to 30 pulses per second (Aufrichtig et al. 1994), then
IIIER α 1(pulse rate)1/2.
When additional filtration (more than a millimeter of aluminum) is added to the
x-ray beam during fluoroscopy, the manufacturer will typically at least double the
IIIER relative to the standard values listed in the previous paragraph to maintain
reasonable levels of quantum mottle in the image. Finally, the measured IIIER on
the same unit may be affected by the choice of phantom and ionization chamber
(Strauss 1995). If this occurs, higher IIIER values will be measured with an acrylic
plastic or water phantom compared to either an aluminum or copper phantom.

6. kVp Calibration Accuracy
The x-ray tube potential (kVp) controls the penetration of the x-ray beam
through the patient; and thus it has a strong effect upon the patient radiation dose.
Furthermore, the selected kVp values influence the image quality of iodine-filled
blood vessels. Miscalibration of the kVp values can cause the ABC equipment to
adjust the x-ray generator inappropriately. This affects both the radiation doses and
the image quality.
Usually a non-invasive meter is used to determine the accuracy of the x-ray
tube potential (kVp). The compact, battery-operated device contains several solidstate radiation detectors with assorted filters to estimate the quality (penetration)
of the x-ray beam; from the measured detector ratios, a lookup table is used to estimate the x-ray tube kVp which might have produced this beam. Typically, the
lookup table values assume minimal filtration (0.5 to 1 mm aluminum) added to
the clinical x-ray beam. The measurement requires selecting several different
kVps and placing the detector in the x-ray beam to read the estimated x-ray tube
potential. The value is digitally displayed on the meter. If the cath lab unit does not
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allow the operator to remove added filtration, e.g., copper, gold, etc., the displayed
digital reading on the meter must be corrected for systematic errors introduced by
the additional filters. Most manufacturers of non-invasive kVp meters provide correction factors for their units in the operator’s manual (NCRP Report 99, 1990;
FDA 1975; Seibert et al. 1994; Moore 1990; Lin 1998; Gray et al. 1989).
Unfortunately, with ABC-controlled fluoroscopy and cine, the values of x-ray
tube potential settings are not selectable and the meter attenuation itself may cause
the settings to change. If there is a technique lock on the equipment, assorted thickness of attenuation material can be used to change the kVp values and the electronic lock will maintain the selected potential. Otherwise, only a few points can
be determined at the values selected by the ABC system based upon the attenuation properties of the non-invasive kVp meter and on the selected FoV size of the
image intensifier. The non-invasive meter is placed in the beam and the measured
value is compared with the indicated value on the control.
The accuracy of the measured x-ray tube potential on state-of-the-art equipment should be within ±3% to 5% of the indicated value for either fluoroscopy or
cine across the entire kVp range of the unit (Strauss 1996). Older equipment may
not be able to achieve these performance levels at the high and low ends of their
operating range. Some state regulatory agencies have promulgated their own regulations that may be different from these recommendations.

7. High Contrast Spatial Resolution
The ability of the cardiac cath imaging equipment to visualize small coronary
vessels and small catheter wires is essential to effectively performing clinical procedures. Thus, it is important to measure the high contrast spatial resolution of various components of the imaging system. A number of different factors can cause
the spatial resolution to deteriorate. These factors include optical lenses which are
not properly focused, an image intensifier which is not properly electronically
focused, a television camera which is not properly electronically focused, software
or electronic transmission problems in the digital system, and deterioration of electronic components with age. A change in the measured high contrast spatial resolution would alert the facility to degradations in performance that require the
attention of x-ray service.
High contrast spatial resolution is typically measured with a line pair test
object composed of leaded bars of different width and spaces between the bars
of equal size. Typically, the line pair test object has lead bars that are 0.10 mm
thick and with spatial frequencies ranging from 0.6 (LP/mm) to a maximum of
5.0 LP/mm. If the anti-scatter grid can be easily removed, this test object should
be mounted directly on the image intensifier input surface oriented at 45 degrees
to the television raster lines. Otherwise, the pattern is mounted directly upon the
grid oriented at 45 degrees to both the grid lines and raster lines. In fluoroscopic
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mode, the pattern is imaged with no or little attenuation material in the x-ray beam
so that the kVp remains at low levels. In the cine mode, usually some small amount
of aluminum attention material is required (like 1 to 2 cm) so that the x-ray generator can properly stabilize during imaging. The test object is imaged in all FoVs.
The smallest bars that can be clearly seen without distortion, blur or phase-shift
represent the resolution limits of the system. These values are recorded and compared to previous measurements on the system (Moore 1990; Gray et al. 1989;
Nickoloff 1998).
For high line rate fluoroscopic television systems, achievable measured spatial
resolution would be about 1.8 to 2.0 LP/mm in the 23 cm (9 inch) FoV, 2.2 to 2.5
LP/mm in the 15 cm (6 inch) FoV, and 2.8 to 3.1 LP/mm in the 11 cm (4.5 inch)
FoV. For high line rate digital cine, the spatial resolution is approximately the same
or slightly more/less than the television resolution dependent upon the software
enhancements provided. On units which provide recorded cine film, the measured
spatial resolution should be about 2.2 to 2.8 LP/mm in the 22.9 cm (9 inch) FoV,
3.1 to 3.4 LP/mm in the 15.2 cm (6 inch) FoV, and 4.0 to 4.6 LP/mm in the 11.4
cm (4.5 inch) FoV. Major electronic advancements in cath labs are expected in the
future that may lead to the replacement of the image intensifier with various types
of direct detector systems; these changes may significantly alter the achievable
spatial resolution and other performance parameters of the systems. The test procedures will still be the same with these future cardiac systems, but the anticipated
performance criteria may change.

8. Low Contrast Discrimination
Low contrast evaluations of a cardiac cath imaging system incorporate a
number of different factors, such as: the x-ray energy spectra, scattered radiation
effects, gamma factors of the electronics, and/or cine film/processing, electronic
jitter, various sources of blur and system noise. As the contrast of various test
objects approach the system noise (mottle) levels, the test objects become difficult to visualize.
There are a number of different phantoms that can be utilized to evaluate the
low contrast discrimination of the imaging system. A standard aluminum x-ray
penetrameter contains a 0.80 mm thick aluminum plate with five different hole
sizes drilled through it: 6.4, 4.5, 3.2, 2.2, and 1.6 mm hole diameters. This plate
is placed between the two 1.9 cm aluminum blocks of the penetrameter and
imaged in all modes and FoVs. Unfortunately, most modern cath equipment can
easily discern all five holes in all modes and FoVs (NCRP Report 99, 1990; Moore
1990; Gray et al. 1989; Nickoloff 1998).
Newer low contrast test objects have been developed that present a greater challenge to the imaging system and allow the operator to estimate the lowest contrast
level discernible by the unit. One device uses 9 holes, 11 mm in diameter milled
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to different depths in a 6.1 mm thick aluminum plate. Look-up tables that provide
the percent contrast as a function of indicated kVp and added copper filter have
been published (Wagner et al. 1991). State-of-the-art imaging systems in all FoVs
should allow detection <2% on cine film or during digital cine and <2.5% in any
provided fluoroscopy mode. Unfortunately, the various criteria used by different
observers for hole detection result in scoring variations.
Another device is a contrast-detail phantom that has a series of holes of different diameters and depths drilled into a sheet of plastic. The better imaging systems will be able to visualize smaller hole sizes at each low contrast level. Use of
this phantom requires cross-comparison with other units and temporal consistency
for a given unit.

9. Cine Film Sensitometry
It is important to ensure the consistency of the processing of the cine film and
to periodically assess its characteristic. Suboptimal film processing of film selection can affect the film speed and the contrast gradient in the images. Moreover,
the “base plus fog” level could increase. All these factors could degrade the
recorded clinical image quality and the patient radiation doses.
To perform this check, a light sensitometer is used to place 21 different steps
of different light intensity on an unexposed unprocessed cine film. Each subsequent step of the sensitometer has a relative increase of 0.15 in units of log10 [light
intensity]. The film is then processed and the density of each step is measured;
the data is graphed as density verses logarithm of light intensity. From the graph,
one obtains and records the “base plus fog” level of density, the average slope of
the curve (average contrast gradient) and the step at which the density approaches
a value of 1.0 above the “base plus fog” level (Retzlaff 1998; Haus 1993).
For untinted cine film, the “base plus fog” level should be less than 0.10 O.D.
(optical density); tinted film should have a “base plus fog” level less than 0.20
O.D. The average contrast gradient of the film should be >1.2 and <2.0. Dedicated
pediatric labs typically use higher film gradients to compensate for reduced subject contrast levels in the small patient. Higher film gradients can also sometimes
compensate for the reduced contrast associated with older image intensifiers. The
speed step should not change over time by more than ± one step on the graph.

10. Image Intensifier Contrast Ratio (RC)
The goal of the contrast ratio and the following veiling glare test is to establish
equipment baseline values that can be monitored over time to assess any degradations. Moreover, there are some specified values in the literature for these two
tests that the equipment should exceed. Degradation in the contrast ratio would
mean the clinical image contrast would be reduced by the imaging system itself.
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To perform this test, attenuation material (3.8 cm of aluminum, 2.0 to 3.0 mm
of copper or 15 to 20 cm of plastic) should be placed on the patient table, which
is positioned near the x-ray tube. The image intensifier should be raised to its maximum distance (SID). A lead disk that is about 10% of the largest FoV should be
taped to the center of the image intensifier. The largest FoV (lowest magnification
mode) should be selected. If cine filming is available, this should be utilized to
image the lead disk with the collimator blades completely open. The film is then
processed and the film density both behind the lead disk and in the high-density
area near the disk is measured. The film sensitometry curve measured on the previous test is then used to convert the measured densities in these two regions to
the corresponding radiation exposure intensities. (If a digital imaging mode is
employed, the television signal strength in these two regions must be measured
with an appropriate oscilloscope and converted to intensity. A third method would
require the help of the service personnel to remove the television camera and to
directly measure the light intensities of these two regions with a photometer.)
The contrast ratio (RC) can be calculated from the equation shown below.

RC =
where

IB
I LD

IB = intensity of radiation of background = 10+0.15X
X = step on the sensitometry graph that correspond to the background
density on the cine film outside the lead disk
ILD = intensity of the radiation behind the lead disk = 10+0.15Z
Z = step on the sensitometry graph that correspond to the background
density on the cine film behind the lead disk

If the densities fall in between step numbers, fractional values should be estimated (NCRP Report 99, 1990; Moore 1990; Nickoloff 1998).
Measured contrast ratios (RC) should be greater than 12:1. For new, modern
image intensifiers, the contrast ratio (RC) should ideally be 20:1 or 25:1. Low
values are either indicative of measurement errors or serious imaging system problems. Rarely do modern image intensifiers have the contrast ratio degrade without the image intensifier or other major component beginning to fail.

11. Veiling Glare (VG)
Veiling glare is x-ray/light from adjacent areas that have high input radiation
levels scattering into adjacent structures and reducing the contrast. The contrast
loss can be due to x-rays scattering from the input window or phosphor of the
image intensifier, electron scattering from various surfaces, and light scattering
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from the input and output phosphors of the image intensifier. If the veiling glare
is large, the contrast of small vessels in clinical studies can be reduced, and the
vessels then become obscured.
The same test as the contrast ratio is utilized to evaluate the veiling glare. In
fact, the contrast ratio is used to calculate the veiling glare number.

VG =

RC − 1
⋅ 100%
RC + 1

Veiling glare is expressed as the percent of the inherent contrast retained by the
imaging system (NCRP Report 99, 1990; Moore 1990; Nickoloff 1998).
The relative value of the veiling glare should remain reasonably constant from
one QC test to the following QC test of the unit. Moreover, the absolute value of
the veiling glare on an acceptable image intensifier should be equal or greater than
85%.

12. X-ray Tube Focal Spot Size
The effective area from which the x-rays emanate as seen from the position of
the imaging system is called the effective focal spot size. Large focal spot sizes
contribute to image blur and loss of spatial resolution; however, large focal spot
sizes are necessary to produce large x-ray fluxes. In general, small x-ray tube focal
spot sizes are employed automatically by the x-ray equipment during fluoroscopy
with television monitor displays; large x-ray tube focal spot sizes are used during
cine imaging (film or digital). Measurement of the x-ray tube focal spot size is
required: when the tube is new to ensure that it meets manufacturer’s specifications or when there is a suspected image quality problem. The manufacturer’s
specified focal spot sizes have an allowable tolerance range that is typically
+100% −0% in the direction parallel to the anode-cathode direction and +50%
−0% in the perpendicular direction.
There are a number of different measurement techniques for assessing the xray tube focal spot sizes. The slit and pinhole cameras produce an enlarged image
of the actual x-ray distribution of the focal spot x-ray intensity so that its dimension can be directly measured. However, the alignment required by the measurement is time-consuming. Moreover, since the spatial resolution is affected by both
the physical size and the x-ray intensity distribution of the focal spot, this method
does not provide information about the spatial limitation due to the focal spot.
The most common measurement technique employs a star pattern for the focal
spot size measurement. The measurement technique provides information about
the spatial resolution limitation due to the focal spot size, but does not measure
the true dimension. It instead provides an effective dimension if the focal spot were
a uniform intensity distribution.
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With the star pattern measurement, the star pattern is placed in the central ray
of the x-ray beam and perpendicular to it on a firm surface. For an x-ray tube with
focal spot sizes between 0.3 and 0.6 mm, a one degree spoke for the star pattern
is utilized for the measurement; for focal spot sizes between 0.6 and 2.0 mm, a two
degree spoke for the star pattern should be selected. A film is placed in a plastic
light-tight envelope at a distance so that the image of the star pattern will be magnified. An appropriate factor for the 0.3 to 0.6 mm focal spot size with the one
degree spoke pattern would be 3x magnification and for the 0.6 to 2.0 mm focal
spot size with the two degree spoke pattern 1.5x magnification. Attenuation material is placed behind the envelope with the film so that the ABC system drives
the kVp and mA values into a reasonable range. Fluoroscopy is used to expose the
film for the small focal spot measurement and cine imaging is used to expose the film
for the large focal spot measurements. The films are exposed to enough radiation
so that when they are developed the film densities are 1 to 1.5 O.D. Each measurement requires its own film to be used.
The analysis of the images requires the dimension of the pattern on the film to
be measured and compared to the actual size of the pattern. The ratio of the image
size to object size is the magnification (M). The diameter (Dblur) of the outermost
blur (disappearance of the spokes) on the image is measured. From these two
measurements, the effective focal spot size (FSeff) is calculated.

FSeff =

Dblur
θπ
⋅
180 ( M − 1)

As previously stated, the measured focal spot sizes should be within +50% of
the specified size along the short axis and within +100% of the specified size along
the long axis of the x-ray tube (NCRP Report 99, 1990; Gray et al. 1989; Nickoloff
1998; Nickoloff et al. 1990).

13. Distortion
Because of the optics, image intensifier geometry, and the electronic gain controls, the straight line path of the electrons traveling from the cathode to anode
within the image intensifier can be bent or distorted. These distortions (if severe
enough) could be detrimental to the diagnosis of clinical conditions. For these reasons, it is important to evaluate the amount of distortion in the images.
To perform this measurement, a square grid pattern similar to a film screen contact
tool, but with a larger mesh pattern, e.g., 1 cm squares, is placed directly on the
input surface of the image intensifier and imaged in the fluoroscopic mode on the
television display monitors. If the displayed digital image can be printed, one can
calculate the amount of distortion in the vertical and horizontal directions by:
D = | (de − dc) × 100/dc |
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where D is the percent distortion in either direction and de and dc are the sizes of
a square at the periphery and center of the FoV, respectively.
The amount of measured distortion is proportional to the size of the FoV, and
can be significantly reduced by digital image corrections, if provided by the manufacturer, and can be significantly increased by any stray magnetic fields in the
vicinity of the machine. Consult the manufacturer of digital equipment to determine the presence or absence of corrective factors and acceptable values for the
measured distortion (NCRP Report 99, 1990; Moore 1990; Gray et al. 1989;
Nickoloff 1998).

14. Typical Cine Film Density
It is important that the apertures in the optics are adjusted to provide the correct density on cine films. Too light or too dark a film density could impair correct
clinical diagnosis of patient studies.
Attenuation material is placed on the patient table to simulate patient radiation
attenuation. The material should be uniform. Cine images of the attenuation material are taken in all FoVs in film mode. The film is developed and the film density on the processed film is measured with a densitometer. The film is also
examined for uniformity. Vignetting tends to cause the film to be darker in the
center than the edges. A count is taken of how many frames it takes for the ABC
system to stabilize the film density to a fixed value.
The film density of the attenuation material should be in the range of 0.9 to 1.3
O.D. In general, the usable range of cine film densities is about 0.6 to 1.8 O.D.
Hence, midrange is a cine film density of about 1.1 to 1.2 O.D. Subjectively, the
film should exhibit only minor vignetting, especially in the small FoV. The stabilization time for film density should be less than 15 frames of cine film (Retzlaff
1998; Haus 1993).

15. Cine Frame Rate and Pulse Width Accuracy:
Cine and Pulsed Fluoroscopy
If imaging is not done at the proper frame rate, physiological measurements like
ventricular ejection fraction and filling rates cannot be properly determined. The
elapsed time between image frames (inversely proportional to the frame rate) must
be short enough to allow adequate sampling and recording of the physiological
process. In addition, the pulse width must be short enough to stop the motion of the
moving small vessels. Short pulse widths minimize blur due to motion and allow
the small vessels in the moving heart to be clearly seen. In an adult, a cine frame
rate of at least 30 fps with pulse widths adjustable from 3 to 8 msec are preferred.
Because of the faster heart rate in children, pulse widths of 2 to 5 msec are preferred with cine frame rates of 30 to 60 fps. The suggested pulse widths are also
preferred during pulsed fluoroscopy.
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Figure 4. Oscilloscope trace of two cine pulses. The cine pulse rate can be determined by
taking the reciprocal of the period in seconds. The period is the time measured along the
horizontal axis from the leading edge of one pulse to the leading edge of the next pulse.

The best way to measure both the frame rate and the pulse width is to place a radiation detector with an oscilloscope output in the x-ray beam. Attenuation material to
simulate a patient should be in the x-ray beam during these measurements so that the
ABC system can properly adjust the various equipment parameters. The output from
the detector is attached with an appropriate cable to the oscilloscope, which stores and
displays the signal. Direct measurement of the displayed signal on the oscilloscope
will yield the frame rate and pulse width (Gray et al. 1989). Figures 4 and 5 illustrate
the proper manner to measure these parameters from the oscilloscope display.
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Figure 5. Oscilloscope trace of one cine pulse. The pulse width is measured from the
threshold crossing of the leading edge to the threshold crossing of the trailing edge, where
the threshold, expressed as a percentage of the peak value, is specified by the manufacturer.

The frame rate should be accurate to within ±1 fps of the indicated value. The
pulse width should be accurate to within ±1.0 msec of the indicated value.

16. Automatic Brightness Control (ABC) Operation
The Automatic Brightness Control (ABC) system of cardiac cath equipment
should adjust the x-ray tube current (mA), tube voltage (kVp), and pulse width of
either cine or pulsed fluoroscopy. The ABC system should ideally adjust the mA
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and/or pulse width first followed by the kVp to accommodate changes in the
thickness of attenuation material placed in the beam (Strauss 1998). The maximum
allowed values of tube current and pulse width as a function of the high voltage
are a function of the loadability of the x-ray tube. Hence, to ascertain that the ABC
system is functioning properly, the tube rating charts and the manufacturer’s
design scheme of the ABC system must be consulted and well understood by the
individual performing the test.
The function of the ABC system is tested by placing increasing amounts of attenuation material in the x-ray beam and recording the corresponding values of kVp
and mA during fluoroscopy of this attenuation material. Plastic blocks with thicknesses of 10, 20, and 30 cm are a good substitute for a child, small adult, and large
adult, respectively. Copper sheets with total thicknesses of 1.5 mm, 2.5 mm, and 3.5
mm are a reasonable alternative. During fluoroscopy, both the kVp and the mA
and/or mAs should increase as more phantom is added. Typically, the kVp should
increase at least 10 to 15 kVp with an accompanying increase in the tube current
during continuous operation or increase in mAs/pulse during pulsed operation.
During cine, the fluctuation of the kVp per phantom change will depend on the tube
rating charts and manufacturer’s design scheme. This test is also good for evaluating the consistency of the ABC system over a period of time (Gray et al. 1989).

17. Field-of-View (FoV) Accuracy and
Cine Framing
The fluoroscopy image on the television monitor can be electronically enlarged
to improve the spatial resolution; however, some of the original anatomical structures would be outside the FoV and the radiation levels would need to be
increased. Cine filming of the circular image of the intensifier output onto rectangular film may result in a similar loss of anatomy. It presents the dilemma of
either underframing the image so that it is entirely within the film or expanding
the image so that some of the circle of information extends beyond the rectangular area of the film (overframing). The former captures all x-ray anatomy on the
film at reduced size and resolution. The latter results in a loss of some of the
imaged anatomy and an increase in the radiation dose level. It is important to
assess the situation and to know the true amount of the imaged area.
To perform these tests, a lead ruler (or other appropriate tool) is placed across
the input surface of the image intensifier and taped to it. The lead ruler is imaged
in both fluoroscopic and cine modes for all FoV sizes. The ruler is image in both
the horizontal and vertical directions. The specified size of the FoV is compared
with the size imaged on the television monitor during fluoroscopy and with the
image size in the cine mode (film or digital or both) (NCRP Report 99, 1990; Lin
1998; Gray et al. 1989).
The FoV sizes as measured on the fluoroscopy television image should be
within ±1.0 cm of the specified image intensifier size in any magnification mode.
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In the largest FoV (non magnification), the measured FoV is typically 2 to 3 cm
smaller than the specified FoV of the image intensifier. Many adult cine modes
have the circular dimension within or just touching the horizontal dimension with
the vertical portion of the image extending outside the display (or film) by about
15% to 25%. Most pediatric units are designed to provide total overframing of the
cine film to increase the image size of small pediatric anatomical structures
(Strauss 1998). The type of framing should be determined as well as the percentage of the imaged dimension which is outside the display.

18. X-ray Beam Collimation
There are regulatory requirements for the collimation of the x-ray beam. The
purpose of these regulations is to limit the x-ray beam to the image intensifier for
safety reasons and to keep the amount of patient tissue being exposed to x-rays
equal to the region being imaged. If the collimator blades are set too wide for each
FoV, additional patient tissue will be unnecessarily irradiated.
One way to ensure compliance with these regulations is to insist on having the
collimator blades adjusted so that their edge just appears within the imaged
region—even with the collimator blades at their widest selectable setting. If the
edges of the blades are beyond the image region, a test must be made to assess the
distance of the x-ray field beyond the imaged region. This test is performed with
a lead ruler placed on the patient table halfway between the x-ray tube and the
image intensifier. A plastic, light-tight envelope containing a film is placed on top
of the ruler. The ruler is covered with attenuation material in order to increase the
radiation levels to the film. The distance seen on the fluoroscopic television image
of the ruler is recorded and compared to the size of the x-ray field imaged on the film
(NCRP Report 99, 1990; Lin 1998; Gray et al. 1989).
The regulatory requirements state that the x-ray beam must be restricted to (no
larger than) the image intensifier phosphor size when the collimator is fully
opened. In addition, misalignment between the imaged dimension and the x-ray
irradiated dimension must be less than 3% of the Source-to-Image receptor
Distance (SID) in either orthogonal directions and the sum of the errors from the
two orthogonal directions (without regard to + or − sign of the errors) must be less
than 4% of the SID. The conditions are met if the collimator blades are visible on
the television monitor during fluoroscopy.

19. Collimator Tracking Test
If the distance between the x-ray tube focal spot and the image intensifier input
surface is adjustable, regulations mandate that the collimator blades should automatically adjust to the correct size for the distance selected. If the collimators are
opened to their widest position and extend to the edge of the image intensifier
when it is positioned close to the x-ray tube, the x-ray beam would extend beyond
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the image intensifier if the distance is increased. Hence, the collimator should
automatically adjust to maintain the widest selectable collimator settings always
within the input surface of the image intensifier, regardless of the distance used.
To perform this test, the image intensifier is brought to its closest approach to
the x-ray tube and the x-ray beam collimators are opened to their widest selectable position. Attenuation material is placed in the x-ray beam to simulate a
patient study. Fluoroscopy is activated while the image intensifier is raised. The
edge of the collimator blades should just appear at the edge of the fluoroscopic
television image for all image intensifier to x-ray tube distances (NCRP Report
99, 1990; Lin 1998; Gray et al. 1989).

20. Minimum Source-to-Skin Distance (SSD)
In order to limit the radiation doses to the patients during fluoroscopy procedures, regulations limit the minimum source-to skin distance (SSD) that can be
obtained. The inverse square effect reduces the patient skin radiation by requiring
a greater distance between the x-ray tube focal spot and the closest position at
which the patient can be located for a given distance between the source and the
image intensifier (SID). Often, this requirement can only be achieved by placing
plastic spacers on the surface of the x-ray tube collimator assembly.
This regulatory requirement can be tested by using a tape measure to determine
the distance from the marked location of the x-ray tube focal spot to the top surface of the spacer or collimator. If the location of the focal spot is not marked on
the x-ray tube cover, the distance from the focal spot to the end of the spacer can
be determined by placing an object of known size at the plane of the spacer, measuring the size of the object in the image, and using triangulation to calculate the
SSD. Since these spacers are often removable, it is important to verify the minimum SSD at each periodic QC testing session (NCRP Report 99, 1990; Lin 1998;
Gray et al. 1989).
Regulatory requirements mandate that the minimum SSD be equal or greater
than 38 cm (15 inches) for standard stationary units and 30 cm (12 inches) for special surgical applications.

21. Safety Interlock Tests
There are several different safety interlocks whose operation should be tested
during every QC evaluation. First, if the alignment of image intensifier and x-ray
tube can be changed, there is usually an interlock to prevent x-ray production
unless they are properly oriented. For cardiac cath labs, this feature may only occur
for the lateral plane in a bi-plane unit.
The x-ray activation foot switch is designed to stop x-ray production unless
there is continuous pressure upon it. Sometimes these switches get contaminated
with contrast media or blood and fail to release.
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Most x-ray tube collimators and/or image intensifier surfaces have a collision
sensor; if a significant pressure is exerted on their surfaces, an alarm usually
sounds and motion may be stopped. The purpose of this device is to prevent collision injury of patients or staff.
Finally, entrance doors into the procedure area may be equipped with either an
interlock switch that prevents x-ray production when the door is open or may have a
“X-Ray On” sign posted above the door which lights any time radiation is being produced inside the room. This interlock or lighted warning sign is intended to prevent
accidental exposure of staff who inadvertently enter the room while x-rays are activated. While the interlock is more foolproof, the warning light is preferred for a cath
lab. If fluoroscopic x-ray production at a critical point of a difficult interventional case
or a cine recording with contrast injection is interrupted by an inadvertent opening of
an interlocked door, proper patient care could be seriously jeopardized.

22. Temporal Spatial Resolution
Cardiac cath equipment is intended to image small, contrast-filled vessels in a
moving heart. In order to meet these goals, the equipment must be able to rapidly
image in cine mode so that motion blur of the images is negligible. Hence, it is
important to test the system in dynamic mode and to assess the expected degradation due to motion blur. This is referred to as “temporal spatial resolution.”
There are a number of different test methods designed for this evaluation. A
rotating spoke pattern is one approach to this assessment. It consists of a bucket
into which water can be poured to different depths to simulate patient tissue attenuation and scatter of the x-ray beam. On top of the bucket is an electric motordriven disk that contains six stainless steel wires of different diameters mounted
across the diameter of the disk. The diameters of the wires are: 0.56, 0.41, 0.36,
0.25, 0.20, and 0.13 mm. These wires approximate the cardiac catheter guide wires
that could be used in clinical procedures. In both fluoroscopy and cine modes, the
disk with the wires is imaged with the disk stationary and with it rotating at 30 rpm
which results in the wires moving from 0 to 200 mm/sec depending on the radial
distance from the center of the disk. The smallest wire size that can be seen is noted
in both the stationary and rotating configuration (Moore 1990; Nickoloff 1998).
The identified wire size when the disk is stationary is a function of the sharpness of the imaging chain since the steel wires are high contrast objects. When the
disk is rotating, the smallest wire size that can be clearly visualized is a measure of
the temporal spatial resolution. This performance is primarily a function of the
duration of the pulse of radiation used to create the image, but is also affected by
the quantity of water in the bucket (scatter and kVp). With a pulse width <5 msec
(cine or pulsed fluoroscopy), wire diameters down to 0.25 to 0.36 mm (3 to 4 of the
6 wires) should be easily imaged with the wheel rotating and with 13 to 15 cm of
water in the bucket. If the pulse width >5 msec but <10 msec, the smallest diameter
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wire clearly visualized in the dynamic mode (with the same level of water) will
only be 0.36 to 0.41 mm (2 to 3 of the 6 wires). Since continuous fluoroscopy
effectively has a 33 msec pulse, the diameter of the steel wire must exceed 0.41
mm (1 to 2 of the 6 wires) to be imaged during wheel rotation.

23. Scattered Radiation Levels and
Radiation Protection
For radiation safety reasons, it is important to assess the scattered radiation levels in
the procedure room, the x-ray control booth, and the adjacent external spaces into which
the staff or general public can have access. There are regulatory limits for the amount
of radiation to which the staff and general public can be exposed. Furthermore,
knowledge of these radiation levels permits the staff to try to limit the radiation exposure by procedural methods or by appropriate radiation shielding devices.
To measure the scattered radiation levels, a large amount of attenuation material (20 to 25 cm of acrylic or 25 to 30 cm of water) is placed in the x-ray beam
to simulate a large patient. A radiation survey instrument with a flat energy
response in the diagnostic x-ray range, and a radiation exposure sensitivity range
of 1 µR per hour to 10 R per hour is used to measure the scattered radiation.
(Note: 1 µR = 1 microRoentgen = 2.58 × 10−10 coulombs/kg-m of air at STP.)
The scattered radiation is measured in both fluoroscopy and cine imaging modes.
The scattered radiation levels are measured using typical clinical settings inside the
procedure room, in the x-ray control booth, and in adjacent areas. Both the fluoroscopic and cine workloads for the room are determined. From the measurements
and the workloads, the weekly estimated radiation levels at various locations can
be calculated and compared to regulatory limits. Moreover, the effectiveness of
various radiation barriers (suspended face radiation shields and/or portable floor
radiation shields) can be determined (Balter et al. 1983).
The estimated radiation levels in the x-ray control booth should be less than
1 milliSievert per week. In adjacent external spaces which are designated “noncontrolled” access areas, the estimated weekly levels from scattered radiation
should be less than 0.02 milliSieverts per week. Scattered radiation levels inside
the procedure room at locations where the physicians may stand can be 1 to 4
milliSieverts per hour (unless protective barriers are employed). The evaluations
should yield scattered radiation levels less that these and within regulatory limits.

24. Clinical Radiation Exposure Monitors
Some newer cardiac imaging systems are delivered with integrated real time
clinical radiation exposure monitors. These monitors record the amount of ionizing energy delivered to the patient during clinical procedures. The most common
type is the Exposure Area Product or Dose Area Product (EAP or DAP) Meter.
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These units measure either the entrance skin exposure area product or the entrance
skin dose area product. As an alternative, one company provides a system which
calculates the entrance skin exposure corrected for table attenuation and changes
in the distance from the focal spot to skin entrance plane (Strauss 1995).
Regardless of the type of information collected, an automated database networked
to the system is necessary for managing patient dose data. If data related to the
patient radiation exposure or dose are provided by the machine, the accuracy of
the device’s calibration should be checked by the physicist at least annually.

25. Electrical and Mechanical Safety
Because of the danger to the patient from small electrical leakage currents that
could potentially affect the heart during cardiac catheterization, it is important to
assess the electrical ground and electrical leakage current of all components and
the patient table (Strauss et al. 1996). In addition, all electrical outlets and emergency power for the room should be thoroughly checked. At most large facilities, these measurements are usually performed by the Biomedical Engineering
personnel; sometimes the equipment manufacturer’s installers will also perform
these electrical safety tests.
Any imaging equipment with powered, moving components some distance
above the floor present potential mechanical hazards to the patient and the operator. These mechanical systems, e.g., articulating arms, bearings, brake systems,
chains, weight bearing cables, counterweight systems, electrical cables, drive
motors, slip clutches, electromagnetic locks, etc., require periodic visual inspection, cleaning, adjustment, and/or lubrication. Special attention must be given to
any ceiling suspended components; any weight bearing bolts and nuts must be
checked for tightness periodically (Strauss et al. 1996). While all these necessary
mechanical inspections and adjustments are typically performed by the equipment
manufacturer as part of a comprehensive service contract, the responsible physicist should be reviewing the vendor’s programs and reports to ensure patient and
personnel safety.

26. Other Checklist Items
There are a number of items that should be evaluated to make certain they are
present and functioning effectively. There is a regulatory requirement that all fluoroscopic units have a “5 minute timer” which either sounds an audible signal or
stops x-ray production at the end of each 5 minutes of actual fluoroscopy time.
The purpose of this regulation is to remind the physicians performing the clinical
procedures of the radiation dose being delivered to the patients. It is also important that an intercom system be installed so that the physicians in the procedure
room can communicate effectively with the technologists operating the x-ray
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equipment and electrophysiology equipment. The clarity of this system should be
evaluated. The x-ray tube potential and tube current should be continuously displayed during exposures. Furthermore, the various display lights and buttons
should function properly. The mechanical motion of all components should be
smooth and unimpeded. The insulation of all electrical wires should be in good
condition. The display monitors should be free of artifacts and non-uniformities;
their contrast and brightness levels should be adjusted to optimize the clinical
images. These display monitors should be tested periodically and receive periodic
maintenance (Roehrig et al. 1999). Emergency electrical receptacles should have
power for potential use of defibrillators. There should not be any sharp edges or
obstructions on any of the equipment in the room that could cause potential injury
to patients and staff. The rooms should be properly marked with signs on the outside to indicate that they are x-ray procedure rooms. Ideally, there should be an xray warning light above the entrance to the room. There should be adequate
protective apparel for the staff, and it should be checked at least annually for holes,
cracks, or other voids. All staff should be issued and should wear radiation badge
monitors when working in and around cardiac cath facilities.

III. RADIATION MEASUREMENTS
1. Overview of Clinical Cardiac Procedures
Clinical cardiac procedures basically fall into two categories: diagnostic and
interventional. Cardiac catheterization is a diagnostic procedure which involves
the insertion of catheters into either the femoral (most common) or brachial arteries which lead to the heart. The catheters are used to deliver contrast material either
to the coronary arteries or the left ventricle in order to increase their opacification
to x-ray transmission. In this fashion, the vessels can be clearly seen during angiographic x-ray imaging, and the left ventricle’s ability to contract and pump blood
can be analyzed. Many of the studies are directed toward evaluation of stenoses
in the coronary vessels either due to degenerative disease or thrombosis.
Diagnostic studies are also utilized to assess patients with chest pain syndromes
and to evaluate postoperative efficacy of Coronary Artery Bypass Grafts (CABG).
Ventriculography is utilized to evaluate wall motion, septal perforation and mitral
insufficiency (Wexler 1995; Pepine et al. 1994; Lubell 1990; Amiel et al. 1984;
Grossman and Baim 1991; Johnsrude et al. 1987; Levin 1998).
Coronary angioplasty is a treatment for coronary artery disease. Percutaneous
Transluminal Coronary Angioplasty (PTCA) is a therapeutic intervention which
commonly involves placing balloons with catheters into the occluded vessel and
inflating the balloon in order to open the obstruction. The angiographic procedure
is deemed successful when a >20% increase in the diameter of the vessel lumen
has been achieved and the stenosis represents less than a 50% occlusion of the
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vessel. Although balloon PTCA is currently in widespread use, there is a high rate
of restenosis due to over-extension and injury to the tissue in the vessel walls.
Therefore, PTCA is sometimes followed with the insertion of a radioactive source
with the catheter to irradiate the area that has received angioplasty. The source is
removed after delivering a high radiation dose to the vessel walls; the irradiation
of the vessel walls is thought to help prevent future restenosis. Alternatively,
restenosis might require the PTCA to be repeated or a CABG to be performed.
There are also lesions in the heart that are not amenable to PTCA due to heavy
calcification or elastic recoil. Methods for removal of the atherosclerotic plaques
can involve Directional Coronary Atherectomy (DCA). In DCA, a special catheter
is used to cut through and remove the plaque. There is also a Rotational
Atherectomy in which a high speed rotational drill selectively grinds the plaque
material into fine particles opening the vessel (Roto-Rooter procedure).
Recently the Food and Drug Administration (FDA) has approved the use of laser
atherectomy devices which can deliver a powerful light beam through a catheter
to ablate stenoses inside vessels.
There are other therapeutic procedures that deliver stents through the catheters to
prop open vessels that have been opened with PTCA. Most stents are self-expanding
stainless steel or tantalum alloy coils of wire which act as a structural support to the
vessels. The purpose of the stent is to prevent elastic recoil after the PTCA in an
attempt to prevent the restenosis rate after angioplasty (Bettmann 1998).

2. Published Radiation Doses from Fluoroscopy
and Cine Imaging
With the rapid development of the methods and technology available to the
interventional cardiologist, assessments of radiation dose and relative risks are not
available for all of the procedures mentioned above. However, there are several
reports which allow one to determine typical radiation exposures from the most
common catheterization procedures, diagnostic coronary angiography and PTCA
(Stern et al. 1995).
In the late 1970s, when cineangiographic procedures were used almost exclusively, the cardiac fluoroscopy times were approximately 20 min with associated
entrance skin exposures ranging from 10 to 60 R (Reuter 1978). Cine exposures
of 2 to 3 min might contribute an additional 2 to 9 R of entrance exposure.
In the 1980s improvements in technique and equipment reduced diagnostic
angiographic fluoroscopy time to about 4 minutes, with only about 60 sec of
cineangiography time (Finci et al. 1997). However, PTCA procedures were now
being undertaken routinely in conjunction with diagnostic angiography. These
more complicated procedures typically led to more cineangiography runs with
continuous fluoroscopy during balloon inflation. Commonly 17 min of fluoroscopy and 30 sec of cineangiography are added for a single-vessel procedure or

42

20 min of fluoroscopy and 50 sec of cineangiography may be added for a double
vessel procedure (Finci et al. 1997; Pattee et al. 1993). It is common practice for
2000 or more cineradiographic frames to be acquired per coronary angioplasty
procedure (Pattee et al. 1993). Skin entrance doses for typical angioplasty procedures are about 1.25 Gray, of which about 70% is contributed by cineradiography.
Over 20% of patients presenting for PTCA undergo angioplasty procedures more
than once due to coronary restenosis or the onset of new disease. Five percent or
more of patients submit to angioplasty procedures three or more times, resulting in
average total entrance skin doses of about 5 Gray (Pattee et al. 1993). Using CDRH
(Center for Devices and Radiation Health) methods (Gorson et al. 1984), Pattee et
al. (1993) have estimated organ doses and calculated the risk of cancer mortality for
patients per angioplasty procedure and for those patients undergoing more than two
angioplasty procedures. These data are summarized in Table 2.
If a vessel is totally occluded, coronary angioplasty is a complicated procedure.
First the occlusion must be crossed with a guide wire without piercing the vessel
and then one or more balloons serially inflated. Bell et al. (1992) compared radiation exposure in groups of patients undergoing angioplasty of a totally occluded
vessel and with a group undergoing PTCA of partially occluded arteries in a laboratory that used pulsed progressive fluoroscopy. These investigators found that
angioplasty of a totally occluded artery results in exposure times and entrance skin
doses which are about 50% greater (31 min, 0.53 Gray) than PTCA of a subtotal
stenosis (20 min, 0.34 Gray). Entrance doses resulting from cine angiography for
angioplasty procedures on total stenoses ranged from 0.14 to 0.31 Gray compared
to 0.22 to 0.34 Gray for procedures on subtotal stenoses.
It is difficult to optimize imaging parameters for very small patients, such as
children, since commercial angiographic systems are designed for adults. In addition, young children are subject to a variety of life-threatening congenital defects
which may require complex procedures to be performed under many minutes of
fluoroscopy. Several studies using thermoluminescent dosimeters (TLDs) have
Table 2. Organ Doses and Risk of Cancer Mortality for Coronary Angioplasty
Procedure Cancer Mortality Risk (Pattee et al. 1993)

Organ
Red bone marrow
(leukemia)
Bone Surface
(bone cancer)
Lung
Thyroid
Breast (women)

Organ Dose per
Procedure
(Gray)

Single
Procedure

More than Two
Procedures

0.02

92 × 10−6

380 × 10−6

0.02
0.94
0.01
0.05

9.2 × 10−6
636 × 10−6
5.9 × 10−6
157 × 10−6

38 × 10−6
2600 × 10−6
24 × 10−6
640 × 10−6
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been published. However, some confusion exists since in several cases exit skin
exposures (at the chest wall) have been reported rather than entrance skin exposures (on the dorsal surface) (Waldman et al. 1981; Wu et al. 1991).
Schueler et al. (1994) demonstrated that pulsed progressive fluoroscopy reduced
exposure values by 44% in patients under 18 years of age. In a biplane system they
found that the fluoroscopy time using frontal x-ray system was five times that of the
lateral; however, the cineangiography times in the two planes were very similar.
Martin et al. (1981), using TLD measurements and a biplane fluoroscopy
system, studied radiation exposures in a group of pediatric patients (average age
2 yrs). They measured the mean fluoroscopic time to be 15.1 min (3.3 to 52.5 min)
and the mean number of cine frames used was 2060 (650 to 4500). These investigators found average cumulative entrance doses of 171 mGray to the skin, 23
mGray to the thyroid, and 1 mGray to the gonads. They estimated that 20% of the
exposure was due to cineangiography runs while 80% of the exposure accrued
during fluoroscopy. Occasional primary beam exposure to the gonads was noted
during catheter insertion (femoral approach).
Boothroyd et al. (1997) used three methods of dosimetry (TLD, dose-area product, calculated entrance surface dose) to investigate exposures for 50 pediatric
patients (30 male, 20 female) aged 2 days to18 years (3 to 70 kg). Most patients
underwent a simple diagnostic procedure, but several received balloon dilatation,
with other procedures such as patent ductus arteriosus occlusion, electrophysiology, pacemaker insertion, and atrial septostomy also included in the study. Mean
values for the calculated dose were 221 mGray and for dose-area product 240
mGray. TLD doses were not well correlated with other methods. The authors suggest that this may be due to the TLD’s being outside the beam for significant portions of the study.
In children both the thyroid and gonadal doses are of greater concern than in
adults since dose to these organs per unit entrance exposure is greater and since
children are more susceptible to the stochastic effects of ionizing radiation. Based
on these measurements Martin et al. (1981) suggested that the risk of developing
thyroid cancer increased to 0.7 per thousand from a national incidence of 0.04 per
thousand. They also note that radiation-induced thyroid cancer has only a 3% to
4% mortality rate.
Recently, attention has been given to establishing guidelines for radiation safety in the
catheterization laboratory. An FDA health advisory (FDA, September 30, 1994) suggests that facilities performing fluoroscopy should observe the following principles:
Standard operating procedures should be established and clinical protocols should
be performed for each specific type of procedure. The protocols should address all
aspects of the procedure, such as patient selection, normal conduct of the procedure,
actions in response to complications, and consideration of limits of fluoroscopy
time. The angiographer should know the radiation dose rates for the specific
fluoroscopic system and for each mode of operation used during the clinical
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procedure. These dose rates should be derived from measurements performed at
the facility. The personnel should assess the impact of each procedure’s protocol
on the potential for radiation injury to the patient. The protocol should be modified, as appropriate, to limit the cumulative absorbed dose to any irradiated area
of the skin to the minimum necessary for the clinical tasks, and particularly to
avoid approaching cumulative doses that would induce unacceptable adverse
effects. Equipment that aids in minimizing dose should be used. Finally, a qualified
medical physicist should be enlisted to assist in implementing these principles in
such a manner so as not to adversely affect the clinical objectives of the procedure.
Additional information was issued by the FDA (FDA, September 15, 1995) that
clarified what information should be recorded and for which patients. The facility should record information regarding absorbed dose to the skin for any procedure with the potential for exceeding a threshold established in the policies of the
facility. The FDA suggested that a threshold absorbed dose of 1 Gray would be
appropriate. Radio frequency cardiac catheter ablation was suggested as one procedure for which recording the absorbed dose would be appropriate. The patient
record should identify those areas of the patient’s skin that received an absorbed
dose approaching or exceeding the established threshold. Sufficient data to permit
estimation of the cumulative absorbed dose to each identified irradiated area
should also be included in the patient record.
Few studies have looked closely at the radiation produced during radio frequency
ablation procedures. Calkins et al. (1991) measured exposure to the surface of the
patient and operator during catheter ablation of accessory atrioventricular connections. Kovoor et al. (1995) looked at a smaller group of patients, but made measurements during ablations performed in several areas. A typical dorsal surface dose
rate to the patient’s back was 0.005 Gray/min with fluoroscopy times ranging from
10 to 240 min. Operator doses were also measured.
From the viewpoint of radiation dose to the patient, the therapeutic cardiac
procedures are longer and deliver more radiation to the patients than the routine diagnostic cardiac procedures. There are many other factors which also affect the radiation dose, such as: the clinical condition of the patient, the patient’s size, the
x-ray equipment design and the operational parameters selected by the cardiac
facility. Nevertheless, a representative diagnostic examination of the left ventricle would include about 5 to 10 minutes of fluoroscopy in order to place the
catheters and about 60 sec of cine imaging. PTCA are more complicated procedures which typically require 17 min of fluoroscopy and at least 30 sec of cine
for a single vessel procedure and 20 min of fluoroscopy and more than 50 sec of
cine imaging for a double vessel procedure. For diagnostic cardiac procedures,
published articles have estimated the typical skin entrance exposure 0.20 to 0.84
Gray (20 to 84 rads). For the other organs, the doses have been estimated to be:
0.20 Gray to the whole heart, 0.17 Gray to the whole lungs, and 0.04 Gray to the
bone marrow. For PTCA procedures, typical skin entrance doses have been
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estimated to be about 1.25 Gray (125 rads). The radiation doses to the thyroid
and the gonads are also important because of the radiation induced cancer risk
(Stern et al. 1995; Rueter 1978; Finci et al. 1997; Pattee et al. 1993; Gorson et al.
1984; Bell et al. 1992; Waldman et al. 1981; Wu et al. 1991; Schueler et al. 1994;
Martin et al. 1981; Boothroyd et al. 1997; Calkins et al. 1991; Kovoor et al. 1995;
Li et al. NEED YEAR).

3. Phantom Radiation Dose Survey
In order to assess some typical radiation dose values utilized in cardiac cath
rooms, the members of this task group undertook measurements with a phantom at various facilities located across the United States in a number of different cardiac cath laboratories. To standardize the measurement protocol, a fixed
geometry was requested for the measurements. The x-ray imaging equipment
was to be oriented in the vertical (AP) direction and a fixed 100 cm between the
x-ray tube focal spot and the image intensifier entrance surface was used. Sheets
of 30 cm × 30 cm acrylic plastic were use to simulate the patient tissue x-ray
attenuation. Thicknesses of 10, 20, and 30 cm of acrylic were used. This simulates patient sizes from a small adult to a fairly large adult or a medium adult
with a projection that has a long x-ray path through the patient tissue. The plastic was always positioned on the patient table at a distance of 5 cm from the
image intensifier entrance surface. The radiation detector was positioned
between the acrylic plastic and the table, utilizing spacers to prop the plastic
above the tabletop. The radiation exposure rate measurements were made in both
the fluoroscopic mode and the cine mode with the image intensifier FoV closest to the 18 cm diameter. The ABC system was allowed to automatically adjust
the tube potential and tube current for the attenuation material in x-ray beam
(Strauss 1995; Chu 1990).
For fluoroscopic measurements with the acrylic phantom, the Entrance Skin
Exposure Rates (ESER) were dependent upon the phantom thickness used. They
also were dependent upon whether pulsed fluoroscopy or continuous fluoroscopy mode was used. For a 20 cm acrylic thickness in various fluoroscopic
modes, the measured ESER for the 83 different measurements had an average
value of 3.7 R/min, one standard deviation of 2.1 R/min, a minimum value of
0.3 R/min, and a maximum value of 8.5 R/min. For a 30 cm acrylic thickness
and the continuous fluoroscopic mode, the measured ESER for the 83 different
measurements had an average value of 10.1 R/min, one standard deviation of
3.2 R/min, a minimum value of 4.4 R/min, and a maximum value of 20.4 R/min
(Note: 1 R = 1 Roentgen = 2.58 × 10−4 coulombs/kg-m of air at STP). Figure 6
plots the frequency distribution of the ESER for the 30 cm acrylic thickness
in the continuous fluoroscopic mode.

46

47

Figure 6. This graph plots the frequency distribution of patient entrance fluoroscopy radiation exposure to a 30-cm thick acrylic phantom. The
data were collected from 83 different cardiac catheterization rooms across the United States by members of AAPM Task Group No. 17.

The significance of the data can be analyzed as follows. The 20 cm acrylic
thickness is not sufficient to require the maximum values of tube potential (kVp)
and tube current (mA) to be selected by the ABC system, i.e., the x-ray generator
has sufficient reserve output to select lower values of kVp and mA and still produce acceptable fluoroscopic images. At the 30-cm acrylic thickness, however, the
attenuation of the x-ray beam is sufficient that most of the ABC systems had
selected the maximum values of kVp and mA consistent with regulatory limits.
Hence, the ESER on most of the fluoroscopy systems was around 10.0 R/min.
Some fluoroscopic systems had a high level mode which allowed the ESER to
approach 20 R/min. In summary, large patient sizes and/or steep projection angles
will result in the x-ray units operating at the highest ESER permitted for the x-ray
unit by the regulatory limits.
During the catheter placement in diagnostic cardiac cath procedures, approximately 5 to 15 min of fluoroscopy time is required. The position and the FoV do
change during a clinical cardiac cath examination; nevertheless, a significant portion of the total fluoroscopy time is directed at nearly the same region of a patient’s
chest. Based upon the phantom measurements for medium to large patient sizes
and a 10-minute fluoroscopy time, the anticipated patient skin entrance dose can
be anticipated to be around 40 to 100 cGray for the fluoroscopy portion of the procedure. Of course, the usage of pulsed fluoroscopy would reduce this radiation
dose by about 20% to 50%.
For the cine portion of the phantom measurements, much higher values for the
ESER were obtained. During cine imaging (digital or film) higher values of tube
current (mA) and shorter pulse durations are utilized in order to limit motion blur
of the beating heart. Moreover, many systems utilize less x-ray beam filtration
during cine imaging as compared to fluoroscopy. These features result in increased
ESER to the patient. For a 20-cm acrylic thickness and cine imaging at 30 fps, the
measured ESER for the different rooms had an average value of 46.8 R/min, one
standard deviation of 23.0 R/min, a minimum value of 6.5 R/min, and a maximum
value of 104 R/min. For a 30-cm thickness of acrylic and cine imaging at 30 fps,
the measured ESER for 33 different rooms had an average value of 186 R/min, one
standard deviation of 82.9 R/min, a minimum value of 85.4 R/min, and a maximum
value of 427 R/min (Note: 1 R = 1 Roentgen = 2.58 × 10−4 coulombs/kg-m of air
at STP). Figure 7 plots the frequency distribution of the measured ESER for the
30-cm acrylic thickness with the 30 fps cine imaging mode.
During the cine imaging portion of diagnostic cardiac cath examinations in
adults, 30 fps of cine imaging is done for 5 to 7 sec per run. There are usually 5
to 10 runs per patient study. Hence, one can anticipate that the entire cine portion
of the examination will require about 1 min of cine imaging. Based upon the phantom measurements and medium to large patient sizes, the patient entrance radiation
dose from the cine imaging can be expected to be 50 to 200 cGray per examination. Hence, the total radiation dose from both fluoroscopy and cine imaging for
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Figure 7. This graph plots the frequency distribution of patient entrance cine imaging (film and digital) radiation exposure to a 30-cm thick acrylic
phantom. The data were collected from 33 different cardiac catheterization rooms across the United States by members of AAPM Task Group No. 17.

diagnostic cardiac studies can be expected to be around 100 to 300 cGray with large
variations due to equipment design, patient size, FoV selected, and geometrical
positioning of the patient. Interventional cardiac procedures would deliver an even
higher entrance radiation dose to the patient (Strauss 1995; Li et al. NEED YEAR).

4. Scattered Radiation Levels
There have been a number of published studies over the years about the scattered radiation doses in cardiac cath labs (Vano et al. 1997, 1998; McKetty 1996;
Prachar et al. 1989; Pitney et al. 1994; Marx and Balter 1995; Balter 1993; Johnson
et al. 1992; Renaud 1992; Balter et al. 1978; Boone and Levin 1991; Miller and
Castronovo 1985). In this report, only key issues are superficially reviewed; the
reader is referred to the listed references for more details. The most important item
is that these scattered radiation levels can be high and that appropriate radiation
protection practices should be employed to protect the clinical staff working in and
around these procedures rooms.
The radiation levels during cine imaging are about 10 times larger than during
fluoroscopy imaging; however, cine imaging duration is about 1 min and fluoroscopy duration is about 10 min. Hence, the high cine radiation levels are offset
by the shorter cine duration; and therefore, the amount of scattered radiation exposure from cine and from fluoroscopy are nearly equal. Next, the amount of scattered radiation depends upon many factors: the Source-to-Image Receptor
Distance (SID), the projection of the x-ray beam through the patient, the gap between
the patient and the image intensifier, the image intensifier FoV employed, the patient
size and tissue composition, the design of the x-ray imaging equipment, the
amount of collimation, and the location of the clinical staff inside the procedures
room. Nevertheless, scattered radiation levels inside the procedures room can be
expected to range from 20 to 450 mR per hour of actual x-ray usage. Since the
scattered radiation exposure from the fluoroscopy portion of a diagnostic cardiac
cath examination is nearly equal to scattered radiation from the cine imaging portion, one can double the typical fluoroscopy time to obtain an estimate of the total
x-ray usage time; the total time would typically be about 20 min. Thus, the scattered radiation levels to the clinical staff would be about 10 to 150 mR per diagnostic procedure—dependent upon the location inside the procedure room and the
angulation of the x-ray equipment. (Note: 1 mR = 1 milliRoentgen = 2.58 × 10−7
coulombs/kg-m of air at STP.)
The scattered radiation levels are highest on the x-ray tube side where the x-ray
beam enters the patient tissue, and the scattered radiation levels are lowest on the
image intensifier side where the x-ray beam exits the patient. The scattered radiation
levels are highest closer to the patient and the levels decrease significantly with
distance away from the patient. Unfortunately, the physicians placing the catheters
are usually close to the patient. Moving 50 cm towards the feet end of the patient
(caudal) also significantly reduces the scattered radiation levels by nearly a factor
50

of 4 during cardiac cath procedures (Vano et al. 1997, 1998; McKetty 1996;
Prachar et al. 1989; Pitney et al. 1994; Marx and Balter 1995; Balter 1993; Johnson
et al. 1992; Renaud 1992; Balter et al. 1978; Boone and Levin 1991; Miller and
Castronovo 1985).

5. Radiation Safety Procedures
A number of radiation safety measures can be employed to reduce the radiation exposure of the clinical staff to scattered radiation during cardiac cath examinations. First, if pulsed fluoroscopy and “last frame fluoroscopy image hold” are
available, these features should be utilized. Next, the largest image intensifier FoV
consistent with clinical goals should be used, i.e., electronic image intensifier magnifications increase the patient and scattered radiation levels appreciably. The
image intensifier should be placed close to the patient; this geometry reduces the
patient and scattered radiation levels. Another factor is the total distance between
the x-ray tube focal spot and the image receptor (SID). Many modern systems have
a SID tracking circuit that increases the radiation output of the x-ray tube as the
distance is increased. If a large SID is utilized and the patient is placed close to
the x-ray tube, the patient skin entrance radiation dose becomes very large. For
lateral projections, the clinical staff will be exposed to less scattered radiation if
they stand on the image intensifier side (x-ray beam exit side) of the patient. Image
intensifier conversion gains decrease about 5% to 10% per year of usage. As the
conversion gain of the image intensifier degrades with age, the amount of patient
radiation dose and scattered radiation dose will increase proportionally if the apertures in front of the TV camera and/or cine cameras are not opened to compensate
for this loss during annual periodic maintenance procedures. Hence, it is important to replace the image intensifier approximately every 5 to 7 years when the
aperture is within 1 to 2 f-stops of being fully open (or sooner if necessary) to
maintain the reasonable radiation levels to the patient. The proper usage of xray beam collimation improves image quality, reduces the amount of patient tissue
exposed to radiation, and reduces the amount of scattered radiation levels. The
radiation levels also increase directly with cine frame rate; hence, the lowest cine
frame rate consistent with clinical goals should be employed.
Radiation barriers should also be employed to reduce the scattered radiation
levels. Most cardiac cath labs have mobile overhead face shields and mobile floor
shields; these shields have 0.5 to 1.5 mm of lead equivalence. Sometime the tables
themselves have leaded rubber drapes at the sides that reduce the scattered radiation
from under the patient table. The clinical staff who are located inside the procedure
room during cardiac studies must wear protective aprons. The best aprons wrap
around the person in order to provide protection from 360 degrees. When the
apparel overlaps in front of the individual, a double thickness of shielding material is provided. A standard 0.5 mm lead equivalent thickness provides 85% to 95%
attenuation of the scattered x-ray radiation. Modern x-ray tubes, which have heavy
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copper filtration to reduce patient radiation doses, also produce less scatter, but
the scatter that is present is more penetrating; hence, proper protective shielding
is important. Radiation badge monitors must be provided for wearing at the collar
outside the apron. Review of these badge readings is essential to assess the radiation
doses to the staff. Basic procedures for reducing radiation exposures to patients and
cardiac staff have been put forth in the American College of Cardiology/American
Heart Association (ACC/AHA) guidelines for cardiac cath laboratories in 1992
(Pepine et al. 1991).
Users should also be provided with an additional radiation badge monitor to be
worn under the apron. This second monitor, in conjunction with the collar monitor, allows more accurate estimates of the equivalent whole body radiation dose to
the operator from stray radiation (Rosenstein and Webster 1994). Personnel in the
immediate vicinity of the patient during procedures should also be provided thyroid shields (Miller and Castronovo 1985). Eye protection for the operator should
also be provided (Cousin et al. 1987). While protective gloves for the operator
have been recommended in the past (Miller and Castronovo 1985), this protective
device must be carefully evaluated (Wagner and Mulhern 1996). Some leaded
gloves offer little protection for the operator. Moreover, overconfidence may lead
to placing the gloved hands directly in the x-ray beam which will increase the radiation dose to the patient and operator, in addition to increasing the scatter radiation levels in the room (Wagner and Mulhern 1996).
The procedure room itself should be adequately shielded with lead attenuation
material in the walls and leaded viewing windows. The appropriate thickness of lead
will depend upon the workload for the room, the room size, the type of occupancy
in adjacent areas and the design/operation of the x-ray equipment. Studies have
shown that the fluoroscopic portion of cardiac studies is typically performed around
80 kVp and the cine imaging portion of the studies is centered around 110 kVp. An
American Association of Physicists in Medicine (AAPM) survey of 176 cardiac
angiography cases at four institutions found the total average workload to be about
3050 mA-minutes per week (Simpkin 1996). Although these factors must be carefully analyzed by a qualified expert (usually a medical physicist), it is certain that
cardiac cath rooms require some radiation attenuation material. It is not unusual to
provide a radiation barrier of at least 1.56 mm (1/16 inch) of lead equivalence in the
walls of a cardiac cath laboratory (NCRP Report 49, 1976; Simpkin 1991, 1995).

6. Biological Risks Associated with
Radiation Exposure
Both the patient and the clinical staff are exposed to radiation during cardiac
studies. However, the patient radiation dose is considerably higher since he/she is
in the direct x-ray beam whereas the staff is exposed to the scattered radiation,
which is less in magnitude. Nevertheless, the staff is exposed to the cumulative
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radiation dose from many different cardiac procedures, which are conducted over
many years. Hence, both types of radiation exposure must be assessed for biological risks (Stern et al. 1995; NCRP Report 116, 1993; NCRP Report 122, 1995; Pratt
and Shaw 1993; Wagner 1995; Scherer et al. 1991; Mettler and Upton 1995).

A. Cancer Risks
The patient skin entrance exposure can be readily determined or measured with
various types of radiation measurement equipment attached directly to the x-ray
equipment. To assess the potential cancer risks, the radiation doses to various
organs in the patient’s body must be obtained. The Center for Devices and
Radiation Health (CDRH) of the FDA has published a “Handbook of Selected
Tissue Doses for Fluoroscopic and Cineangiographic Examinations of the
Coronary Arteries” (Stern et al. 1995). This handbook outlines procedures for estimating patient organ doses based upon the skin entrance radiation levels. The data
were obtained from Monte Carlo calculations of a standard size and composition
mathematical model of a person. Data are provided for 11 angiographic views and
6 different beam qualities. From this information, one can utilize National Council
on Radiation Protection and Measurements (NCRP) Report No. 116 to calculate the
cancer risks from exposure to these organ doses (NCRP Report 116, 1993).
For clinical staff, NCRP Report No. 122 can be utilized to calculate an Effective
Dose Equivalent (or Effective Dose) from the readings of the radiation badge readings. From these values, the cancer risks can be estimated (NCRP Report 122, 1995).
The probability of fatal cancer from exposure to ionizing radiation depends
upon the organ dose involved, the type of radiation, and the fractionation of the
radiation dose. The fatal cancer risks are quoted as: 0.005 per Sievert (100 rem)
for bone marrow, 0.002 per Sievert for the breast, 0.0085 for lung tissue, 0.0008
per Sievert for the thyroid gland, and 0.0002 per Sievert for the skin. The most
sensitive organs are gastrointestinal tract, the lung, the bone marrow, and bladder.
For radiation workers, the detriment for fatal and non-fatal cancers has been estimated to be 0.048 per Sievert of Effective Dose (NCRP Report 116, 1993; NCRP
Report 122, 1995).

B. Skin and Mucosa
For complicated cardiac procedures, like certain PTCA studies, the patient skin
entrance radiation dose can be range up to 5 Gray (500 rads) or more (Pattee et al.
1993). Radiation doses in this range may result in loss of hair (epilation) and skin
reddening (erythema). These effects may occur to exposures as low as 2 to 3 Gray
(200 to 300 rads). The sequela of radiation induced skin burns can be described in
three stages (Pratt and Shaw 1993; Wagner 1995; Scherer et al. 1991; Mettler and
Upton 1995). Stage 1 (less than one week after exposure) is marked by a relatively
prompt and transient erythema. This reddening is due to the release of histamine-
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like substances and proteolytic enzymes, which increase the permeability of the
capillaries. This effect occurs within 1 to 2 days and then fades. The higher radiation doses result in more rapid identification of the erythema.
The second stage of erythema is due to vessel damage and may become apparent about a week after exposure. Reddening of the skin is followed by an increase
in pigmentation due to activation of melanocytes (threshold about 6 Gray). This
effect is an inflammatory reaction to depletion of basal cells in the epidermis.
A dusky or mauve erythema develops to define stage 3 in about 6 to 10 weeks
or more following large radiation doses to the skin (perhaps as much as 15 Gray
doses). Healing can occur through repopulation from the edge of the burn if all
clonogenic cells are sterilized. Above about 18 Gray doses to the skin, vascular
damage in the deep dermal plexus is thought to result in rapid increase of dermal
necrosis. As doses are fractionated however, the threshold for skin erythema rises.

C. Heart and Lungs
As the object of study, the heart receives the largest radiation dose of any
internal organ, about 20 cGray for adult males undergoing a typical fluoroscopic
and cineradiographic examination and over 30 cGray with PTCA (Pattee et al.
1993; Stern et al. 1995). Although the myocardium may be capable of enduring
fractionated radiotherapy doses as high as 100 Gray without obvious clinical
changes, pericarditis has been reported in 7% of patients who were treated for
Hodgkin’s disease and received total doses of less than 6 Gray. Changes seen in
the pericardium include pericardial effusion, fibrosis, and possibly subsequent
constrictive pericarditis. Changes in small arteries, arterioles, and capillaries are
most likely responsible for delayed radiation injury in the heart. Injury of capillaries has been demonstrated after a single dose to the skin as low as 4 Gray. Injury
to the microvasculature, and specifically damage to endothelial cells, is apparently
the most important factor in the delayed nonstochastic effects of radiation (Mettler
and Upton 1995). However, the extent of radiation-induced damage from catheterization is not known and would be difficult to assess since the myocardium is often
already damaged prior to its radiation exposure in the catheterization laboratory.
The lung is a relatively radiosensitive organ which will typically receive about
a 10 to 20 cGray dose during PTCA (Pattee et al. 1993). A single dose of 6 to 7
Gray has been suggested as a clinical threshold for the development of radiation
pneumonitis (inflammation of the lungs). A single dose of 10 Gray to both lungs
will cause acute pneumonitis in 84% of patients (Mettler and Upton 1995).

D. Breasts
Typical breast doses in adults undergoing PTCA procedures are of the order of
5 cGray (5 rads); but in children undergoing lifesaving repairs for congenital
abnormalities, the chest dose may range from 10 to 25 cGray (10 to 25 rads)
(Waldman et al. 1981; Wu et al. 1991). Radiation exposure of the infant breast in
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excess of 3 Gray may produce breast hypoplasia and later deformities (Schueler
et al. 1994). In prepuberty, patient doses 15 to 20 Gray (1500 to 2000 rads) delivered over a week as part of a radiation therapy course will impair development.
The cancer mortality risk rates for breast cancer in adult women is 0.0024 per
Sievert (NCRP Report 116, 1993; NCRP Report 122, 1995).

E. Thyroid
Typical thyroid doses are about 1 cGray for adults undergoing angioplasty and
are typically less in adults than for pediatric procedures (Martin et al. 1981; Pratt
and Shaw 1993). The individual response to external radiation of the thyroid may
be quite variable. Hyperthyroidism may be seen at doses as low as 10 Gray (1000
rads) (Schueler et al. 1994). In adults, the thyroid cancer mortality risk rate is about
0.0008 per Gray (Pratt and Shaw 1993). Although exposure to radiation in childhood has been associated with the induction of thyroid tumors and hypothyroidism, most of these data are from children receiving therapeutic doses for
treatment of Hodgkin’s disease.

F. Eyes
Cataracts are the most frequently delayed reaction to irradiation of the eyes.
The lens of the eye is an avascular structure cover by a capsule. Single doses of 2
Gray or fractionated doses of 4 Gray may result in lens opacification. The latent
period for the production of cataracts from the time of the radiation exposure may
range from 6 months to as long as 35 years. The typical latent period is about 3 to
7 years. Higher absorbed doses to the lens of the eyes decrease the duration of the
latent period. Radiation doses to the lens of the eyes exceeding 12 Gray have an
almost certain risk for the development of cataracts.

G. Hematopoietics and Gonads
Radiation sensitivity is more pronounced in tissues undergoing rapid reproduction and thus, hematopoietic bone marrow is highly sensitive to ionizing radiation. Bone marrow doses on the order of 2 cGray (2 rads) may be received during
angioplasty procedures. Animal studies have shown that radiation doses as low as
50 cGray (50 rads) can affect the hematopoietic system; however, the response is
dependent on the amount of tissue irradiated (Mettler and Upton 1995). With the
small imaging fields used in catheterization laboratories, hematopoietic radiation
syndrome is not usually a concern.
In young boys, 24 Gray (2400 rads) has been suggested as the critical dose for
severe impairment of Leydig cell function in the testes. However, menstrual irregularities may occur in females due to radiation exposure as small as 3 Gray
(Scherer et al. 1991). Temporary sterility in males could occur at radiation doses
to the gonads in the range of 1 to 5 Gray.
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H. Summary
As seen, the radiation doses from cardiac catheterization studies to patient and
clinical staff is typically much lower than levels thought to be necessary to produce
significant biological effects in tissue exposed to the radiation. However, suboptimal procedures, malfunctions with equipment, frequently repeated studies, and/or
difficult interventional procedures could easily drive the patient radiation doses
into the clinically relevant range. Incidents with severe skin erythema in cardiac
cath laboratories have been reported (Shope 1996). Moreover, radiation induced
cancer risk is a stochastic process in which the relative magnitude of the risk
increases with the cumulative radiation exposure. Therefore, it is important to
provide good Quality Assurance procedures in cardiac catheterization laboratories in order to optimize the image quality while minimizing the levels of
radiation to which patients and laboratory staff are exposed.
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