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Abstract

PURPOSE—High-radiation exposure occurs during computed tomographic (CT) fluoroscopy.
Patient and operator doses during thoracic and abdominal interventional procedures were studied in
the present experiment, and a novel shielding device to reduce exposure to the patient and operator
was evaluated.

MATERIALS AND METHODS—With a 16-slice CT scanner in CT fluoroscopy mode (120 kVp,
30 mA), surface dosimetry was performed on adult and pediatric phantoms. The shielding was
composed of tungsten antimony in the form of a lightweight polymer sheet. Doses to the patient were
measured with and without shielding for thoracic and abdominal procedures. Doses to the operator
were recorded with and without phantom, gantry, and table shielding in place. Double-layer lead-
free gloves were used by the operator during the procedures.

RESULTS—Tungsten antimony shielding adjacent to the scan plane resulted in a maximum dose
reduction of 92.3% to the patient. Maximum 85.6%, 93.3%, and 85.1% dose reductions were
observed for the operator’s torso, gonads, and hands, respectively. The use of double-layer lead-free
gloves resulted in a maximum radiation dose reduction of 97%.

CONCLUSIONS—Methods to reduce exposure during CT fluoroscopy are effective and should be
searched for. Significant reduction in radiation doses to the patient and operator can be accomplished
with tungsten antimony shielding.

Computed tomography (CT) has been used to guide interventional procedures of the chest and
abdomen for nearly two decades (1,2). CT-guided procedures have continued to increase in
number (3) and are less invasive than many surgical options. Despite advances in other areas
of imaging, CT has remained the imaging study of choice for many procedures because of its
inherently superior contrast and spatial resolution in comparison with conventional
fluoroscopy and ultra-sonography (US). However, unlike other imaging modalities,
conventional CT lacks real-time imaging capabilities. Therefore, CT-guided procedures
generally take longer because the region of interest must be intermittently scanned to confirm
safe adjustment and placement of the needle or catheter.

CT fluoroscopy is a technique that has been developed in the past decade (4). In this acquisition
mode, CT images are reconstructed and displayed nearly in real time. This provides the
interventionalist with immediate feedback during the procedure. CT fluoroscopy has been
shown to reduce procedure time (5) and increase efficacy compared with standard CT guidance

(6).

The inherent drawback of CT fluoroscopy is rather high radiation exposure to the patient and
operator, which may explain why CT fluoroscopy has not been more broadly accepted (7).
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Radiation exposure for the patient is primarily along the scan plane. Because the exposure
along the scan plane is cumulative, deterministic effects can be significant (8,9). Scattered
radiation from the direct beam and collimator leakage also contribute to the patient dose (10).

For the operator, exposure is primarily a function of scattered radiation and collimator or gantry
leakage (7,10). To make intraprocedural needle adjustments during CT fluoroscopy
procedures, the operator’s hand must be in proximity to the scan plane. Kato etal (11) calculated
that, with an annual dose limit of 500 mSv for the hands, a physician with hand exposure would
be limited to performing only four CT fluoroscopy procedures a year. Regardless of scan time,
exposure can be quite significant (12) because dose rates can exceed 1 mGy/sec with continuous
exposure (13).

Because of high radiation doses to patients and personnel, in 1999, the United States Food and
Drug Administration Radiation Safety Standards Committee expressed concern about CT
fluoroscopy (14). Various methods including shielding (15), needle holders (11), and robotics
(16) have been investigated to reduce CT fluoroscopy radiation exposure. We investigated the
efficacy of a novel lead-free shielding device in the reduction of patient and operator exposure
during simulated thoracic and abdominal procedures. Adult and pediatric anthropomorphic
phantom models were tested. Additionally, we evaluated the effect of lead-free radiation
protective gloves in reducing the dose to the operator’s hands.

MATERIALS AND METHODS

Phantom

Dosimeter

Shielding

Two anthropomorphic phantoms, known as Rando Phantoms (Phantom Laboratory, Salem,
NY), were used in this study. This phantom is an assembly of an actual human skeleton cast
inside a material that matches the elemental composition and density of the average human
tissue. The phantom is composed of 35 axial slices that are 2.5 cm thick, which assemble into
a figure that extends from the top of the head to the middle of the thigh. Adult and pediatric
phantoms were used. The pediatric phantom is composed of 27 slices rather than 35 slices.
Adult and pediatric models were tested in all phases of this study. The axial slices of the
phantoms allowed the dosimeter detector to be placed between the slices, mimicking the actual
anatomic location of the tissue of interest (eg, thyroid or ovary).

The dosimeter (EDD-30; Unfors Instruments, Billdal, Sweden) is an electronic device that uses
a remote detector and meter, which provides an immediate readout of exposure that can be
reset by turning it on and off. The detector has a spherical response system that can measure
radiation dosages from all angles. The detector is connected to the dosimeter by a long wire.
This arrangement allows the detector to be placed on the surface of the phantom or between
individual slices to provide an accurate dose measurement to the organs of interest. The dose
range of the dosimeter used was 10 nGy to 9,999 Gy with a start trigger level of 15 nGy/sec
and an end trigger level of 10 nGy/sec.

The shielding devices used were nonsterile RadPad drapes developed with a specific dimension
for our study and custom sterile RadPad materials (Worldwide Innovations and Technologies,
Overland Park, KS). They were composed of a tungsten antimony lead-free material in a
proprietary polymer sheet. The nonsterile drapes measured 2 feet by 6 feet, were less than 1
mm thick, and weighed less than 3 Ibs. The commercial pads were disposable and sterile and
measured 12 inches by 17 inches, were less than 1 mm thick, and weighed less than 1 Ib.
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Radiation Protective Gloves

The lead-free radiation protective gloves were sterile bismuth oxide RadiaXon-model gloves
that produce 55% attenuation of a 60-kVp beam (half value layer of 2.3 mm Al).

Computed Tomography

Methods

RESULTS

A Phillips Mx8000 IDT 16-slice CT scanner (Philips Medical Systems, Best, The Netherlands)
was used. This scanner used a proprietary method of CT fluoroscopy termed continuous CT
mode. When in continuous CT mode, this scanner uses a 240° scan arc centered below the
patient. This is done to reduce scatter radiation to the operator. The scan parameters were 120
kVp and 30 mA.

Patient doses were measured at the lens, thyroid, breast, ovaries, and testicles. Operator doses
were measured as the air-absorbed doses at various distances: from the scan plane (10-200
cm), at the height of the operator’s waist, and a single measurement 5 cm from the scan plan
to estimate hand exposure. A limited pilot study on reproducibility of the doses (within a
protocol) showed doses to be nearly identical to the two last digits displayed, which are likely
greater than the variability of human doses and also greater than the error of the dosimeter
used. Therefore, only a single dose measurement was performed.

First, patient dosages were recorded with and without shielding during simulated thoracic and
abdominal CT fluoroscopy procedures of various lengths (1, 5, 15, and 30 frames at
approximately 1.2 frames per second). To standardize the simulated procedures, the duration
of the procedure was measured by the number of frames used rather than an actual length of
time.

The thoracic procedure was chosen to be at the level of the sternomanubrial joint. The
abdominal procedure was chosen to be at the level of the umbilicus. The phantom was then
wrapped with the tungsten antimony shielding in various configurations and layers (180° single
layer, 360° single layer, and 360° double layer; Fig 1). A 5-cm gap in shielding was left at the
plane of imaging by placing the sterile drapes adjacent to the beam (2.5 cm cranial and 2.5 cm
caudal to the procedure window).

Operator dose was recorded with and without phantom shielding as follows: from the epicenter
of the radiation field (ie, CT gantry) at 5, 10, 20, 30, 40, 50, 75, 100, 150, and 200 cm at the
levels of the waist (114 cm) and gonads (84 cm) with the sensor of the dosimeter placed and
secure on a tape measure extending from the epicenter to each of these lengths. Several types
of gantry drapes were studied (Fig 1). The effect of the gantry drape in addition to patient
shielding was evaluated. A 90° “corner shield” (Fig 2) consisted of single- and double-layer
tungsten antimony sheets placed at the junction of the gantry and the table, from the level of
the operator’s waist to the operator’s ankles, to evaluate dose reduction to the operator.

The effect of the radiation protective gloves was measured at various distances from the scan
plane (ie, 5-10 cm). This effect was examined with and without phantom shielding and with
and without a fenestrated gantry shield.

The benefit in dose reduction to the patient was minimal with 180° single-layer shielding and
maximized with a 360° double layer of shielding (Table 1). During an adult chest procedure

(30 frames) with a double layer of 360° shielding, patient dose reductions of 86.6% and 89%
were noted in the lens and testicle, respectively (Fig 3). For an adult abdominal procedure (30
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frames) with a double layer of 360° shielding, patient dose reductions of 92.3% and 75.5%
were observed in the lens and breast, respectively (Fig 4). Similar results were seen in the
pediatric models (Figs 5, 6).

Exposure to the operator at various distances from the scan plane exponentially decreased with
distance (Figs 7, 8). With the phantom wrapped in two layers of 360° shielding, dose reductions
of 81.9% and 85.1% to the operator were seen at 10 cm and 20 cm from the scan plane,
respectively, during a chest procedure. Similar results were seen during an abdominal
procedure.

The dose to the operator’s unshielded testicle after the acquisition of 30 frames of CT
fluoroscopy was 25.41 uGy. Single- and double-layer 90° corner drapes provided significant
dose reductions of 93.3% and 98.7%, respectively, in this region (Fig 9).

Several designs of gantry shields were tested. A vertical fenestrated drape hung from the gantry
yielded dose reductions of only 21.3% and 34.7%, respectively, to the operator at 10 cm and
20 cm from the scan plane.

Double-layer radiation protective gloves in addition to double-layer 360° phantom shielding
and a fenestrated gantry drape garnered dose reductions to the operator’s hand of approximately
97.1% at 5 cm (from 1,792 uGy to 51.77 uGy) and 93.1% at 10 cm (from 564.6 Gy to 38.81
uGy) from the scan plane after a 30-frame acquisition (Table 2).

DISCUSSION

During the past 20 years, interventional radiology has established an important role in patient
care, traditionally using ionizing radiation as a common means of image guidance. Any benefits
must be weighed against potential risk. Diagnostic CT examinations have become more
frequently used and involve increased radiation dosage to patients (17). Analysis of radiation
shielding during diagnostic CT is under way. The hazard of direct and scattered radiation also
exists for the interventional radiology staff (18). For the patient, scatter radiation to radiation-
sensitive organs is of great concern. These organs include male and female gonads, thyroid,
breast, and lens of the eye, as well as other organs that were not studied directly in our study,
like the lung and gastrointestinal tract.

Deterministic and stochastic effects could be developed if the radiation exposure exceeds 500
mSv per year and 50 mSv per year, respectively (19). Also, a “linear no-threshold” risk model
showed that continuous low doses of radiation (0—100 mSv) have the potential to cause a slight
increase in cancer risk. These low doses are responsible for approximately 1% of the
development of cancers in humans, whereas the other 42% result from other causes (20).

Compared with adults, pediatric patients are at a higher risk with high radiation dosages because
they are more susceptible to the carcinogenic effects of radiation (21).

For radiologists who perform these imaging procedures frequently, the cumulative risk may
be greater and is being redefined with new data (22). Our data show that tungsten antimony
seems to be an excellent shielding material for CT fluoroscopy and potentially for diagnostic
CT. This material is lightweight and durable. Wrapping the phantom with two layers of
tungsten was effective in reducing the dose not only to the phantom but also to the operator.
The addition of the 90° corner shield resulted in drastic dose reduction to the operator’s gonads.

The vertically fenestrated gantry shield provided less dramatic results, with a dose reduction
of less than 30%. This potentially could be related to the fact that our CT scanner scanned a
240° arc below the phantom, thereby limiting the use of a gantry shield that is above the
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phantom. Another possibility is that collimator leakage may arise above the level of the gantry
drape. It should be noted that the effect of the gantry drape may be more effective on CT
fluoroscopy units of different vendors, particularly in those that use 360° scanning. Although
the fenestrated drape may add complexity to the procedure and may be impractical at this phase,
as collimation widens with increasing detector rows on multislice CT scanners it could become
important in the future. Further studies to optimize dose reduction for different manufacturers’
CT fluoroscopy equipment need to be performed.

It is recognized that the operator’s hand is not within the beam during the procedure, but it will
be inits proximity during the procedure. Although not standard practice, routine glove use may
afford more safety. Such techniques could result in CT fluoroscopy being more widely used,
for example, during tumor ablation, when precise placement and repositioning affect outcome.
The use of double-layer radiation-protective gloves combined with a double-layer 360°
phantom shield (without the fenestrated gantry drape) still significantly reduced the operator’s
hand dose by 92.3% at 5 cm and by 90% at 10 cm from the beam (Table 2). Therefore, the use
of this combined shielding technique is strongly suggested for operator safety. A significant
dose decrease does occur beyond 10 cm from the beam, which would also come with a loss of
dexterity. Manual assist devices become cumbersome and hard to control with greater length,
which suggests that 10-20 cm is an ideal length for such devices. Robotic assist devices that
allow remote needle insertion are being developed. New methods of radiation reduction to the
patient and physician should be developed so patients can safely benefit from this powerful
technology for accurate image guidance.

One possible limitation of our study was the assumption that the anthropomorphic phantom
was a real patient. Also, a limited sample of procedure locations were used in our study as an
estimation only. Other procedure locations could yield different results. Also, there is a wide
variety of commercially available and developing CT fluoroscopy techniques with different
arcs or degrees of use (240° in our study), number of detector rows (16 in our study), frames,
rates, and display modes. This variability complicates the extrapolation of the findings of this
study to other systems or techniques. However, some generalization can be made, as more
detector rows or degrees of use may signify more radiation leakage (10). Attention and
definition from the industry regarding these issues is needed.

Various methods have been sought to reduce radiation doses during interventional procedures
(23-27). The aggressive use of US alone for the guidance of biopsies may be the most important
way to reduce radiation. The ALARA principle (“as low as reasonably achievable”) is used to
ensure that radiation exposures will be well below the accepted limit. Methods of radiation
reduction may be inherent to the equipment or achieved with post-marketing adaptations, and
vendors should consider this issue during future scanner development.

The use of tungsten antimony shielding and radiation-protective gloves significantly reduces
exposure to the patient and operator during CT fluoroscopy procedures in a user-friendly and
likely cost-effective manner. The sterile pad is currently commercially available for $39 per
pad (oral communication, Worldwide Innovations and Technologies). The quantity needed
depends on the procedure and the layers of shielding to use. A prototype of nonsterile shielding
produced for our study is shown in Figure 2. Such a configuration not only would be easy to
use (ie, the sterile field could be adjusted) but would not interfere with the use of monitoring
equipment (eg, electrocardiography).

In summary, the lead-free, lightweight, and disposable tungsten antimony shielding used in
the present investigation protect the patient and operator from scatter radiation in a simple,
reasonable, and efficient manner.
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Figure 1.
The fenestrated curtain drape (closed arrow) hangs from the CT gantry. The phantom is

wrapped in a 360° double layer of shielding. The tape measure (two-line arrow) is used to
determine the distances from the scan plane. The curved white arrow indicates the phantom
head; the three-line arrowhead indicates the dosimeter.
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Figure 2.
The 90° corner drape at the junction of the gantry and table.
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Figure 3.
Percentage radiation reduction to various organs with a double layer 360° of shielding to the
patient during a simulated adult chest procedure.
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Figure 4.

Percentage radiation reduction to various organs with a double layer 360° of shielding to the
patient during a simulated adult abdominal procedure.
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Figure 5.
Radiation reduction to various organs with a double layer 360° of shielding to the patient during
a simulated pediatric chest procedure.
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Figure 6.
Radiation reduction to various organs with a double layer 360° of shielding to the patient during
a simulated pediatric abdominal procedure.
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Figure 7.

Radiation dose to the operator at various distances from the scan plane without shielding and
with a double layer of 360° shielding to the patient during a simulated adult chest procedure.
A distance of 10 cm from the beam with shielding in place results in a considerable dose
reduction to the operator.
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Radiation dose to the operator at various distances from the scan plane without shielding and
with a 360° double layer of shielding to patient during a simulated adult abdominal procedure.
A distance of 10 cm from the beam with shielding in place results in a significant dose reduction

to the operator.
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Effects of single and double 90° corner shields on dose reduction to the operator’s knees,

testicles, and waist.
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