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RADIATION EXPOSURE WITH
USE oF THE MINI-C-ARM
FOR ROUTINE ORTHOPAEDIC
IMAGING PROCEDURES

BY BRIAN L. BADMAN, MD, LYNN RILL, PHD,
BRADLEY BUTKOVICH, MD, MANUEL ARREOLA, PHD, DABR, AND ROBERT A. VANDER GRIEND, MD

Investigation performed at the Departments of Orthopedics and Radiology, University of Florida—Shands Teaching Hospital, Gainesville, Florida

Background: The use of mobile fluoroscopic devices during orthopaedic procedures is associated with substantial
concern with regard to the radiation exposure to surgeons and support staff. The perceived increased risks associ-
ated with large c-arm devices have been well documented. However, no study to date has documented the relative ra-
diation risk associated with the use of a mini-c-arm device. The purpose of the current study was to determine the
amount of radiation received by the surgeon during the use of a mini-c-arm device and to compare this amount with
documented measurements associated with the large c-arm device.

Methods: With use of a radiation dosimeter, measurements were carried out with tissue-equivalent anthropomorphic
phantoms to quantitatively determine exposure rates at various locations and distances from the mini-c-arm for two
common upper and lower extremity procedures.

Results: Regardless of position, distance, or relative duration of exposure, exposure rates resulting from the use of
the mini-c-arm device were one to two orders of magnitude lower than those reported in the literature in association
with the use of the large c-arm device.

Conclusions: The mini-c-arm device should be utilized whenever feasible in order to eliminate many of the concerns
associated with use of the large c-arm device, specifically those related to cumulative radiation hazards, positioning

considerations, relative distance from the beam, and the need for protective shielding.

ver the past several decades, mobile fluoroscopy has
O greatly contributed to the field of orthopaedic sur-
gery. While this technique was initially employed for
only select operative procedures such as intramedullary femo-
ral nailing, modern uses of the mobile fluoroscope have been
vastly expanded to include any surgical procedure requiring
visualization of the skeletal anatomy. Several previous reports
have documented the radiation exposure and associated risks
resulting from the use of large c-arm devices and have out-
lined the necessary radiation-protection measures that the
surgeon and his or her staff must follow in order to minimize
these risks. Radiation exposure to surgical personnel depends
on the orientation of the fluoroscopic beam relative to the pa-
tient, the total exposure time, the distance from the beam to
the surgeon, the position of the surgeon within the operative
field, and the use of protective lead garments and shields'".
During fluoroscopy, the distance to the radiation source
(the patient in the case of scattered radiation) determines the
amount of radiation exposure according to the inverse square

law, which states that the exposure decreases proportionately
to the square of the distance between the source and the object
of concern. Giachino and Cheng’ first commented on this
principle in a cadaveric hip-pinning study in which a 750-fold
reduction in radiation was noted when the measuring equip-
ment was moved 18 in (45.7 cm) from the fluoroscope. Sev-
eral subsequent authors have documented similar findings*®.
Increasing the distance from the source in order to decrease
radiation exposure is a beneficial guideline for operative per-
sonnel; however, the dilemma for surgeons is that close prox-
imity to the beam is routinely required for such procedures as
maintenance of a difficult reduction or freehand placement of
interlocking screws. In addition, other dose-reduction tech-
niques based on geometric considerations, such as positioning
the patient adjacent to the image intensifier, may be limited by
the practical demands of the procedure.

With the introduction of smaller c-arm devices, fluoro-
scopic imaging is now routinely used for fracture treatment in
the emergency room and for outpatient orthopaedic proce-
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Fig. 1
Photograph showing the forearm-examination setup.

dures because of the portability, convenience, and ease of use
of the equipment. On the basis of the initial manufacturer re-
ports of reduced radiation output and the presumed increased
safety afforded by the smaller size of these devices, many or-
thopaedic surgeons have foregone the safety precautions that
are used in association with large c-arm fluoroscopy devices'.
For instance, despite the lack of supportive data, several sur-
geons at our institution no longer wear protective lead gar-
ments when using the mini-c-arm device. This practice has
created much debate as to whether fluoroscopic guidelines for
the large c-arm device should be applied to the mini-c-arm
device. To our knowledge, no previous study has documented
the level of radiation exposure associated with the mini-c-
arm. As such, the purpose of the present study was to quantify
the amount of scattered radiation that is present during a typ-
ical mini-c-arm examination in order to determine (1) the rel-
ative risk of radiation exposure to the surgeon with extended
use, (2) whether surgeon positioning is pertinent, and (3)
whether protective shielding should be employed.

Materials and Methods
he OEC Mini 6600 Digital Mobile C-arm (OEC Medical
Systems, Salt Lake City, Utah) combines a small c-arm
with enhanced fluoroscopic imaging and is used for viewing

RADIATION EXPOSURE WITH USE OF THE MINI-C-ARM FOR
ROUTINE ORTHOPAEDIC IMAGING PROCEDURES

extremities at low entrance exposure and scattered radiation
levels. The x-ray generator has a maximum output power of
7.5 W at 75 kV and 100 pA. The image intensifier has a di-
ameter of 6 in (15.2 cm) rather than 3 in (7.6 cm) as initially
used for mini-c-arm devices.

The experimental setup was determined by positioning
anthropomorphic phantoms as a patient might be positioned
within the c-arm for a typical forearm or ankle examination.
The anthropomorphic phantoms were composed of human
bones surrounded by tissue-simulative material. The forearm
examination was performed with the c-arm positioned hori-
zontally and the phantom centered between the x-ray tube
and the image intensifier. The ankle examination was per-
formed with the c-arm positioned vertically and the ankle
phantom resting on the image intensifier. Air kerma measure-
ments were made in the plane parallel to the floor at various
radial distances from the phantom. These measurements rep-
resent the amount of scattered radiation to which the operat-
ing orthopaedic surgeon is exposed. Figures 1 and 2 show the
experimental setups that were used to simulate forearm and
ankle examinations, respectively.

The fluoroscopic technique factors were set automati-
cally by the brightness-control system in the normal fluoros-
copy mode of the mini-c-arm. For the ankle examination,

Fig. 2
Photograph showing the ankle-examination setup.
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TABLE | Scattered-Dose Radiation Levels Associated with the Mini-C-Arm Device During the Ankle Examination as Compared

with Reported Levels Associated with the Large C-Arm Device at Similar Distances

Scattered-Dose Radiation Levels (uGy/min)

Distance from Central Beam Mini-C-Arm

Large C-Arm® Large C-Arm*® Large C-Arm*?

20-30 cm 2.4 (at 20 cm)
~40 cm 0.65 (at 40 cm)
50-60 cm 0.26 (at 60 cm)
~80 cm —

200 (at 26 cm) — —
24.3

60 (at 53 cm) 33 (at 55 cm) —

0 (at 79 cm) — 2.8

those technique factors were 54 kVp and 32 pA. The forearm
technique factors were higher (58 kVp and 36 pA); this differ-
ence was due to the fact that the phantom was positioned
midway between the x-ray tube and the image intensifier, re-
sulting in a magnified image. Because of its proximity to the x-
ray tube, the radiation incident on the forearm phantom (2.53
mGy/min) was also substantially higher than that on the ankle
phantom (0.77 mGy/min).

A Radial Industries MDH model 1015C radiation meter
(Monrovia, California), with an 180-cc pancake ion chamber,
was used to measure exposures in milliroentgen (mR). Thirty-
second exposure readings were then obtained at distances of
20, 40, and 60 cm from the center of the phantom. Air kerma
rates, in pGy/min, were determined from these exposure mea-
surements, and the average air kerma was estimated with use
of an examination time of five minutes’. The mini-c-arm is
equipped with an alarm that alerts the user after five minutes
of fluoroscopy.

Results

Ankle Examination

A table in the Appendix shows the air kerma measurements
obtained during a five-minute examination at various

distances and angles from the anthropomorphic ankle phan-

tom. The average air kerma value at 20 cm (approximately 8

in) was 12 pGy. As expected, the measured air kerma de-

creased with increased distance from the phantom. Air kerma

values were confirmed to be 77% lower at 40 cm and 90%

lower at 60 cm when compared with the values at 20 cm.

The measured air kerma values for this experimental
setup correlated well with the published values in the OEC
mini-c-arm technical reference manual'. The geometry of
the manufacturer’s setup was similar to that of the ankle-
examination setup, with the mini-c-arm positioned verti-
cally in an inverted position and the phantom resting on the
image intensifier. Rather than using an anthropomorphic
phantom, the manufacturer used the American National
Standards Institute extremity phantom, which consists of a
2-mm-thick aluminum plate sandwiched between two 2.54-
cm-thick acrylic slabs. The fluoroscopic technique factors
used for the manufacturer’s measurements were 70 kVp and
96 pA, which were substantially higher than those used for
our ankle examination. As a result, the air kerma entering
the phantoms was a factor of 4.3 higher when the manufac-

turer’s measurements were compared with our ankle-exami-
nation measurements. Likewise, the scattered air kerma rate
at 0° and 20 cm from the phantom was also 4.5 times higher
when the manufacturer’s measurements were compared with
our ankle-examination measurements (0.39 mGy/hr com-
pared with 0.085 mGy/hr).

Air kerma values for a five-minute ankle examination
varied with the angle of measurement. The variation of these
measurements is expected because of the nonuniformity of
the ankle phantom. The highest values were measured at an
angle of 90° from the x-ray tube axis (perpendicular to the po-
sition of the foot) because the x-rays traveled through less tis-
sue when scattered from the lateral malleolus. Lower values
were measured at 180°, 225°, and 0° because the scattered ra-
diation was further attenuated by the tissues of the foot.

Forearm Examination

A table in the Appendix shows the air kerma measurements
obtained during a five-minute examination at various dis-
tances and angles from the anthropomorphic forearm phan-
tom. The mini-c-arm was oriented horizontally, with the
forearm phantom positioned midway between the x-ray tube
and the image intensifier. The entrance air kerma rate to the
forearm phantom was 2.53 mGy/min, which was a factor of
3.3 higher than the entrance air kerma rate for the ankle
phantom and was similar to the rate for the manufacturer’s
measurements using the American National Standards Insti-
tute extremity phantom'. Scattered air kerma values were
within 20% of those measured by the manufacturer at all
distances.

Because of the orientation of the mini-c-arm, mea-
surements were not performed at 90° (which corresponded
to the position of the x-ray tube) or at 270° (which corre-
sponded to the position of the image intensifier). Measure-
ments performed behind these objects, however, showed no
detectable radiation during the thirty-second measurement
period.

The average scattered air kerma value at 20 cm during a
five-minute fluoroscopic examination of the forearm phan-
tom was 31 uGy. Because of the relative symmetry of the fore-
arm phantom with respect to the measurements, air kerma
rates were fairly uniform at all angles, with a standard devia-
tion of 4.76 uGy or 15%. Air kerma measurements at back-
scatter angles (toward the x-ray tube) were approximately
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TABLE Il Number of Five-Minute Fluoroscopic Procedures Required to Exceed Annual NCRP* Occupational Radiation

Exposure Limits with Use of Mini-C-Arm and Large C-Arm Devices

Total Number of Procedures Allowable Before Limits Met

NCRP Recommended

Annual Dose Limits

Whole Body (50 mGy)

Hand/Skin (500 mGy) Eye Lens (150 mGy)

Unshielded surgeon positioned 20 cm 1250
from mini-c-arm (8 pGy/min)
Unshielded surgeon positioned 40 cm 5000
from mini-c-arm (2 pGy/min)
Unshielded surgeon positioned 26 cm 50

from large c-arm (200 pGy/min)

12,500 3750
50,000 15,000
500 150

*NCRP = National Council on Radiation Protection and Measurements.

50% higher than the corresponding forward angles. As was
the case for the ankle examination, the air kerma values de-
creased by 83% and 95% as the distance from the phantom in-
creased to 40 cm and 60 cm, respectively.

Discussion

he results of the current study indicate that the exposure

levels from the miniature c-arm are substantially less at
much closer distances than described in previous reports on
the large c-arm"*"'***_ The skin-entrance exposure rates as
measured with the forearm and ankle phantoms were 2.53
mGy/min and 0.77 mGy/min, respectively. The patient expo-
sure rates reported for the large c-arm typically have been one
to two orders of magnitude higher'*". Similarly, the measured
scattered radiation exposure rates for the mini-c-arm were
also substantially lower than previously published data for the
large c-arm at comparable distances (Table I). At 20 cm, the
average scattered radiation exposures for the ankle and fore-

40
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Angle in plane of phantom
(0°=parallel to x-ray tube)
Fig. 3

Illustration depicting the relationship between the radiation level and
the position of the mini-c-arm.

arm examinations were 2.4 and 6.2 uGy/min, respectively,
with rates diminishing further by 77% and 83%, respectively,
at 40 cm and by >90% at 60 cm. Assuming an average expo-
sure of 40 pGy per five-minute procedure, an unshielded sur-
geon operating approximately 20 cm from the mini-c-arm
beam could perform approximately 12,500 procedures before
reaching established annual occupational extremity limits,
3750 procedures before reaching established annual occupa-
tional eye limits, and 1250 procedures before reaching estab-
lished annual occupational whole-body deep radiation limits
(Table II). Furthermore, direct hand exposure at the greatest
rate measured (2.53 mGy/min) would cause hand limits to be
exceeded after approximately 198 minutes®.

With regard to the orientation of the mini-c-arm, radi-
ation levels generally were lower when the phantom was
closest to the image intensifier with the unit positioned in an
inverted manner, resulting in exposure rates that averaged
58% less for the ankle examination as compared with the
forearm examination (Fig. 3). Although the levels measured
around the beam in each orientation were relatively uni-
form, the highest exposure to the surgeon was noted at the
angle of greatest backscatter, determined to be at 90° to the
foot during the ankle examination, as radiation was scattered
off the lateral malleolus. The lowest exposure was noted be-
tween 180° and 360°; this finding was thought to be a result
of the larger soft-tissue envelope on the medial side of the
foot, which allowed for greater radiation absorption. For the
forearm examination, the greatest exposure was noted at the
backscatter angles of 45° and 135° and the lowest was found
behind the x-ray tube or image intensifier, where no radia-
tion was detectable.

On the basis of these data, it is clear that the mini-c-arm
is safer than the large c-arm and is associated with substantially
lower occupational exposures as measured both within the
beam and at all distances from the beam. Given these findings,
we believe that some of the indispensable precautions required
for use of the large c-arm are not applicable to the mini-c-arm.
More specifically, we believe that a surgeon using the mini-c-
arm and positioned at a working distance of >20 cm from the
beam will not be exposed to substantially high radiation levels.
This recommended working distance is typically required for
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normal use of the machine. According to current guidelines, a
surgeon working at and beyond such a distance would be capa-
ble of performing a minimum of 1250 surgical procedures per
year, a number difficult to surpass even in the busiest of ortho-
paedic practices. Although the long-term effects of low-dose ra-
diation are unknown, the average environmental radiation
effective dose equivalent from cosmic rays, external sources, and
ingested radioactive materials is approximately 3 millisieverts
(mSv) per year™. The relative risk of death resulting from ex-
posure to 1 microsievert (uSv) of radiation is equivalent to a
one-in-eight-million risk of dying of cancer or a loss in life
expectancy of seventy-two seconds, the same risk associated
with crossing the street three times”". As a result, the total
cumulative dose associated with the use of the mini-c-arm is
relatively small. Despite this knowledge, however, under no cir-
cumstance should fluoroscopy be utilized in a cavalier manner,
and practices such as live imaging and direct extremity exposure
should be avoided. Therefore, because of its comparative safety
and ease of use, we strongly advise the use of the mini-c-arm
whenever clinically feasible.

Appendix

Tables presenting the raw data from this study are available
@ with the electronic versions of this article, on our web site
at jbjs.org (go to the article citation and click on “Supplementary
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Material”) and on our quarterly CD-ROM (call our subscription
department, at 781-449-9780, to order the CD-ROM). m
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