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What is known about radiation exposure to physicians who perform cardiac interventions is reviewed and various factors that
affect their exposure are discussed. There are wide variations in the radiation dose (up to 1000-fold) per procedure. Despite
extensive improvements in equipment and technology, there has been little or no reduction in dose over time. The wide vari-
ation and lack of reduction in operator doses strongly suggests that more attention must be paid to factors influencing the
operator dose. Numerous patient, physician and shielding factors influence the operator dose to different degrees. Operators
can change some of these factors immediately, at minimal or no cost, with a substantial reduction in dose and potential

cancer risk.

INTRODUCTION

Since the introduction of catheter-based interven-
tional procedures, the frequency of these procedures
has increased due to their advantages over surgery.
These advantages include minimal invasiveness,
reduced pain and risk, shorter hospital stay and
lower cost!"?. Cardiac catheterisation procedures
are performed for diagnostic, therapeutic or both
purposes. During these procedures, catheters, guide-
wires and other devices are visualised and guided
using real-time fluoroscopy. Radiation exposure to
the operator is inevitable. Cardiologists and radiol-
ogists have become concerned because of reports of
brain tumours to cardiologists and other physicians
by using fluoroscopy>.

When radiation is used to guide cardiac interven-
tions, the goal is to optimise the radiation dose—to
use as much radiation as needed to provide adequate
imaging for diagnosis and guidance, but no more
radiation than necessary. Since the operator dose is
proportional to the patient dose, optimising the
patient dose benefits both the patient and the oper-
ator. Much has been written about how to properly
use the fluoroscopic equipment during cardiac inter-
ventions in order to optimise the patient radiation
dose®. However, less attention has been paid to
factors that affect the operator radiation dose and
how to minimise the operator dose. A recent com-
prehensive review of operator radiation doses from
cardiac interventions highlights the variability of
reported operator doses, the importance of
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controlling the factors that affect the operator dose
and the need to incorporate an awareness of the
operator dose into daily practice'®.

In this document, what is known about operator
radiation doses from various cardiac interventions is
reviewed and the various factors, not directly related
to the fluoroscopic equipment, that affect the oper-
ator dose are discussed.

OPERATOR DOSE
Variability

Figure 1 shows a box plot of effective dose estimates
to the operator from a single procedure for four
types of fluoroscopically guided cardiac procedures.
The effective dose estimates were determined from a
review of all English language journal articles and
other published data reporting radiation exposure to
cardiologists from the early 1970s to 2006®. The
average operator dose was quantitatively related to
the average patient dose, as would be expected, but
there was much greater variation in operator doses
than in patient doses. Operator doses varied by two
to three orders of magnitude (100—1000 times) for
the same type of procedure. For the same patient
dose (measured as a dose—area product), occu-
pational doses varied widely (Figure 2). Some of
these variations were certainly due to factors related
to the fluoroscopic equipment, but some must also
be due to operator factors not related to the fluoro-
scopic equipment. This implies that the radiation
dose to the operator during cardiac procedures
might be reduced by modifying operator practices.
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Figure 1. Box plot of reported mean effective radiation
doses per procedure to an operator performing various
fluoroscopically guided cardiac catheterisation procedures:
DC, PCI, ablation (ablation of abnormal electrophysiologic
pathways) and implant (placement of a permanent
transvenous pacemaker or defibrillator). Each reported
mean effective dose represents the mean value from one
published study under similar exposure conditions. Solid
lines in the box plot indicate the first quartile, median and
the third quartile. The dotted line indicates the mean value.
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Figure 2. Operator effective dose normalised by patient
radiation dose (as dose—area product [DAP]).

Changes observed over time

Improvements in technolo%;/ have reduced the dose
rate from X-ray equipment®’®. With these improve-
ments in dose-reduction technology in fluoroscopic
equipment over the past several decades, and the intro-
duction of digital cineradiography and flat panel detec-
tors, it is not unreasonable to expect that the operator
dose would also decline. In fact, slow but statistically
significant declines in the average operator dose have
been observed over time for diagnostic cardiac cathe-
terisation SDC) and for electrophysiological ablation
procedures®. This is not true for percutaneous coron-
ary interventions (PCI). In fact, there is some evidence
of an increasing operator dose over time for PCI.

Changes over time in radiation doses to patients
and physicians can be attributed to changes in pro-
cedure protocols and technology. Improvements in
procedure protocols and the technology of X-ray
equipment, catheters and other devices generally
decrease procedure time, fluoroscopy time, cineradio-
graphy time and radiation dose for procedures with
similar complexity. On the other hand, improved pro-
tocols and technologies make possible more complex
procedures. Increasingly, complex procedures demand
longer fluoroscopy time, cineradiography time or
both. The increase in radiation required to complete
these more complex procedures negates the effect of
technological improvements that might otherwise
result in a reduction of the operator dose. The best
example of this phenomenon is PCI.

Operator doses for PCI have not decreased over
time. Radiation exposure during PCI is strongly cor-
related with procedure complexity®~'¥. The increas-
ing complexity of PCI procedures over time appears
to have offset dose reductions due to technology. As
the outcomes of PCI have improved and catheter,
guidewire, balloon and stent technologies have
evolved, PCI procedures have become more
complex!*!> Procedures are now being performed
in vessels and lesions that are more challenging and
technically difficult, and that could not have been
performed a decade ago. Stents are used far more
frequently than in the past®.

Failure to reduce the operator dose from PCI,
despite the introduction of dose-reducing technology
in fluoroscopic equipment, underscores the import-
ance of understanding the effects of operator prac-
tices on the operator dose and of modifying
operator practices whenever practicable.

FACTORS THAT AFFECT OPERATOR
RADIATION DOSE

Many factors influence the radiation dose to oper-
ators who perform fluoroscopically guided interven-
tions. Principal among these are the fluoroscopic
system and its operation. Advances in technology
have reduced the radiation dose while preserving the
image quality. Digital imaging technology in cardiac
catheterisation laboratories has reduced scatter dose
rates and patient doses when compared with film-
based imaging technology"'”. A more sensitive image
intensifier can also reduce radiation dose'®. The
most modern fluoroscopic systems employ flat-panel
detectors instead of image intensifiers. Some studies
have suggested the Eossibility of dose reduction using
flat panel systems"”>?. Fluoroscopic equipment and
its operation have been described in great detail else-
where and are not discussed further here®.

Some of the other factors that affect the operator
dose cannot be controlled, but many are under the
control of the operator. Table 1 summarises factors
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Table 1. Factors influencing operator radiation dose during fluoroscopically guided cardiac catheterisation procedures.

Category Fixed factors Degree® Modifiable factors Degree®
Patient Clinical problem/complexity +
Lesion characteristics +
Body size +
Physician Height/gender + Procedure technique + +
Experience/skill + Catheter choice +
Workload + Catheter insertion site +
Position with respect to patient + +
Awareness of exposure +
Shielding Apron +++
Thyroid shield +++
Leaded glasses + +
Leaded gloves + +
Ceiling-suspended shield +++
Tableside shield +++

%4’ can change operator radiation dose by less than 100%.
‘++’ can change operator radiation dose by 2- or 3-fold.

‘444’ can change operator radiation dose by up to an order of magnitude.

not related to the fluoroscopic equipment that influ-
ence the operator dose in the cardiac catheterisation
laboratory and the degree to which they can be con-
trolled by the operator. These are discussed in detail
below.

Patient factors

Patient factors cannot be modified by the operator.
The clinical indication for the procedure and the
characteristics of the lesion determine procedure
complexity. Complexity is a major determinant of
fluoroscopy time and cineradiography time, which in
turn determine the patient dose and the scatter dose

to the operator® . The patient’s body size also
has an important effect on gllezzgatient dose and

therefore on the operator dose . A good general
rule of thumb is that the dose needed to penetrate
the patient doubles with every additional 3 cm of
patient body thickness®>.

Physician factors

Some physician factors cannot be modified. For
example, the operator’s height has an effect on the
operator dose. The dose rate at eye level decreases
by a factor of 2 when the physician’s eye level
increases from 1.6 to 1.8m above the floor®?.
Gender also has an effect on the operator dose.
Theocharopoulos et al. calculated that males in an
electrophysiology laboratory received about twice
the gonad dose as females in the same type of
laboratory®>.

Some physician factors can be changed, but only
over relatively long periods of time. Physician skill
level affects the time required to carry out a pro-
cedure and thus the operator radiation dose®®=3%.
Physicians in training often receive significantly

. . . . (31)
greater radiation doses than staff physicians™”". It
has been estimated that cardiology fellows in their
first year of training receive 60% more radiation
dose than fellows in their second year of training®?.
This difference is largely due to longer ﬂuorosco(g);/
times for positioning catheters. Kottou et al ©”
attributed the wide range of operator doses among
physicians in the same hospital to differences in
physicians’ skill and practice.

Other physician factors have a substantial effect
on the operator dose and can be modified almost
immediately. Coulden and Readman®® reported
wide variations in physicians’ practices (e.g. number
of views, fluoroscopy time and cineradiography
time during routine diagnostic procedures) and
observed 4-fold variations in patient doses between
hospitals.

Changes in procedure technique can reduce the
radiation dose to physicians, either by reducing
fluoroscopy time or by increasing the distance
between the physician and the patient during the
procedure. For example, reduced fluoroscopy time
was demonstrated by substituting monorail catheter

: (35-37)
systems for over-the-wire catheters . Use of a
remotely controlled mechanical pump for contrast
media injection demonstrated a 2-fold decrease in
the radiation dose to the operator compared with
hand injection of contrast material®®3%)
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Numerous studies have compared the occu-
pational radiation doses associated with the use of
different catheter insertion sites**?%3~%>_ The most
common insertion sites for PCI are the femoral and
radial/brachial (referred to below as radial)
approaches. The catheter insertion site has an effect
on the physician’s position relative to the patient
during cardiac procedures. The radial approach
requires the cardiologist to work in closer proximity
to the X-ray beam™. Most studies report higher
physician exposures when the radial approach is
used. Reasons for the higher doses include closer
proximity of the physician to the X-ray field and
longer fluoroscopy times. Reported operator doses
received with the radial approach were about twice
that with the femoral approach®®. The subclavian
approach, used for implantation of pacemakers and
similar devices, yields operator exposure rates that
are considerably higher than when the femoral and
radial approaches are used, due to the operator’s
proximity to the X-ray beam when using the subcla-
vian approach®”4?).

The typical distance between the operator and the
centre of the patient’s scatter volume is 0.75 m in
cardiac procedures®®. Radiation exposure is inver-
sely proportional to the square of the distance from
the X-ray source. Increasing the distance between
the cardiologist and the patient to 1 m can decrease
a physician’s occupational radiation dose by about
half. One study showed that the radiation dose to
physicians who step away from the patient during
cineradiography was 9 times less than the dose to
physicians who remain next to the patient™”.

The distribution of scattered radiation around the
patient is non-uniform and asymmetric®>*7*®. The
effective dose received by an operator within a 1.5-m
radius from the edge of the table can vary b?r a
factor of 40 depending on the operator’s position®™.
For posteroanterior and right anterior oblique pro-
jections, the scatter dose is highest at the left side of
the patient’s chest, while for the left anterior oblique
(LAO) projection, it is highest at the right side of
the patient’s chest . The scattered radiation dose was
much lower on the opposite side of the patient table
and decreases with the distance from patient’s chest
region. The radiation dose distribution around the
patient table explains why the subclavian and radial
approaches yield higher exposure rates to the oper-
ator in comparison with the femoral approach.

Generally, radiation doses are higher on the left
side of the operator’s body because the left side is
closer to the X-ray beam when the cardiologist is
standing at the patient’s right side (the usual case for
PCI and ablation procedures)*** 39 Goni
et al.® reported significantly higher doses to the
cardiologist’s left hand. Kicken er al®® reported a
1.5-2.5 times greater entrance dose on the operator’s
left side compared with the operator’s front. Chong

et al.®¥ reported a 6-fold higher exposure to the
lens of the left eye when compared with the lens of
the right eye. Radiation monitoring badges should
be worn on the left side of the body in order to
accurately reflect the operator dose.

A physician’s awareness of radiation exposure can
result in a marked decrease in his or her occu-
pational dose®”*®. When a physician stands at the
patient’s right groin and uses a femoral approach,
the LAO cranial projection results in the hi%hest
operator dose rate for radiation scatter''®?* In
one study, after cardiologists were informed about
the relatively high scatter dose to operators when the
LAO projection is used, there was a remarkable
reduction in the use of the LAO projection and the
avera%e physician dose was reduced about 2.3-
fold®®. Awareness of radiation dose levels can be
maintained by providing regular education about the
radiation dose and radiation protection as part of an
ongoing educational programme.

Shielding

Radiation shielding is one of the most efficient and
easiest methods to protect staff during fluoroscopic
operation. Protective shields used for the cardiac
catheterisation procedure include protective clothing
and movable shields.

Personal protective shields include aprons, thyroid
shields, glasses and gloves. An apron or thyroid
shield with a 0.5-mm lead-equivalent thickness will
attenuate more than 95% of X rays at the typical X-
ray energies used during fluoroscopically guided
procedures.

Leaded glasses have been reported to attenuate as
little as 35% to as much as >95% of X rays at
typical X-ray energies®~®. This wide variation has
many causes. They include physician movement
during the procedure, the presence or absence of side
shields on the glasses, the location at which the dose
was measured under the leaded glasses and scattered
X rays from portions of the head, which are not pro-
tected by the glasses. During interventional cardiac
procedures, side shields are important because scat-
tered X rays generally come from the left side of the
operator.

Experimental results with commercial tungsten or
lead surgical gloves indicate that attenuation of
scatter radiation at 100 kVp ranges from 21 to 50%
depending on the glove model®”. However, protec-
tive gloves do not necessarily reduce radiation
exposure®. If the operator’s hand is in the primary
beam, the automatic brightness control system in
modern fluoroscopy units will increase the exposure
rate to penetrate the lead shielding in the glove,
thereby increasing the hand dose. In addition, diffi-
culties in the manipulation of catheters and guide-
wires—due to the increased thickness of leaded
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gloves when compared with standard surgical
gloves—can also increase procedural time. The only
circumstance in which leaded gloves may be useful is
when the operator’s hands will be near, but not in,
the radiation field. The possible decrease in the radi-
ation dose to the operator’s hands must be balanced
against the decreased manual dexterity, which is a
frequent concomitant of leaded gloves.

The most common types of movable shields are
ceiling-suspended  tableside shields. Ceiling-sus-
pended screens provide protection for the eyes and
upper body and can be used as a substitute for
leaded glasses and a thyroid shield. It has been
reported that ceiling-suspended shields can reduce
the operator dose by a factor of 3-20%%%®. The
appropriate use of these screens is important
because the operator dose varies with the location of
the screen. The ceiling-suspended screen should be
placed between the operator and the source of
scatter. To protect as much of the upper body as
possible, the screen should be placed as close to the
scatter source as possible, rather than as close as
possible to the operator. Hand protection from a
ceiling-suspended screen depends on its position. No
significant reduction of hand irradiation was
reported by Whitby and Martin®?, whereas an 8-
fold reduction was reported by Wyart et al.*”

A tableside shield extends from the table towards
the floor. It protects against stray radiation scattered
downwards from the patient towards the operator’s
gonads, legs and feet. These shields are often
mounted on the table. The X-ray tube for the frontal
plane should be positioned below the patient during
cardiac procedures. This produces a greater scatter
radiation level below the patient table than above it.
The result is a higher radiation dose to the oper-
ator’s gonads and legs than to the operator’s upper
body. A tableside shield reduces the dose to the

Zggl;ahtg.r’s gonads and legs by a factor of 10—

SUMMARY

Wide variations in the operator dose have been
observed for fluoroscopically guided cardiac inter-
ventions. These variations may be as much as two to
three orders of magnitude and are present even
when the effects of variation in the patient dose are
excluded. Despite extensive improvements in fluoro-
scopy equipment and the introduction of various
dose-reduction technologies, there has been no
reduction in the operator dose for PCI. This is
believed to be the result of the increasing complexity
of these interventions. The lack of reduction in oper-
ator doses and the wide variation in these doses
strongly suggest that more attention must be paid to
other factors that influence the operator dose. Some,
such as patient and lesion characteristics and
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operator height and gender, are not under the oper-
ator’s control. Others, such as operator experience,
only change over years.

However, an operator can change some factors
immediately, with a concomitant immediate
reduction in the operator dose. These include pro-
cedure techniques, catheter choice, catheter insertion
site, operator positioning and the appropriate use of
personal protective devices. Awareness of one’s own
radiation dose is essential, as it provides motivation
for incorporating changes in one’s practice that will
result in a lower radiation dose. Changes in operator
practices can be accomplished rapidly by a motiv-
ated operator at minimal or no cost and can have a
substantial effect on the operator dose.
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