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Objective: This study examined the photon energy distribu-
tion and exposure rate from a 250-MBq 5’Co flood source
during quality control (QC) procedures as a function of source
placement and measurement location. The optimum place-
ment of the source to reduce the radiation dose to the nuclear
medicine technologist during QC checks was determined.
Methods: Measurements of exposure rate were made inside
and outside a camera room with the source positioned either
above or below the camera head. The energy distribution of
the photon field was examined at the same locations using a
high-resolution gamma-ray spectrometer. Additional mea-
sures of exposure rate were made with the source at various
distances from the camera face.

Results: The lowest exposure rates occurred when the
source was lying directly on the face of the camera head. The
exposure rates at locations inside the camera room increased
by a factor of 4.3 = 3.0 when the source was placed on an
imaging table below the camera head. This increase can be
attributed to decreased shielding provided by the camera
head.

Conclusion: Alarge portion of the radiation dose received by
technologists during QC checks is due to scattered radiation
and x-rays produced by gamma-ray interactions within the
camera. This dose can be reduced significantly if QC checks
are performed with the flood source lying directly on the
inverted gamma camera head rather than placing the flood
source on an imaging table under the gamma camera.
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tation being usedl). Intrinsic uniformity checks are performed
without a collimator and are an alternative to extrinsic checks,
although only the detector and the associated electronics are
evaluated. Intrinsic checks are performed with a low-activity
point source placed 5 useful fields of view away from the
camera facel,3). It is recommended that uniformity checks be
performed daily {,2). Extrinsic spatial resolution and linearity
checks with bar phantoms are performed typically on a weekly
basis (,2). On days when all of these quality control (QC) tests
are conducted, a flood source may be unshielded for up to 30
min at a time.

Several authors have attempted to quantify the dose received
by nuclear medicine technologists from procedures, including
radiopharmaceutical preparation and handling, and QC checks
using flood phantoms and point sourcés9). There is little or
no information on the characteristics of the radiation dose that
nuclear medicine personnel might receive in terms of its energy
distribution. The purposes of this study were to compare
exposure rate measurements and the corresponding gamma-ray
spectra obtained during the use of a sélido disk source and
to identify methods of reducing technologist radiation doses
during QC procedures.

MATERIALS AND METHODS

This study was conducted in a nuclear medicine teaching
laboratory. The facility is located on the ground level of a
5-story building and houses a large field-of-view single-head
gamma camera system (Model 300SX, Picker International,
Inc., Cleveland, OH) that is oriented in the room as shown in
Figure 1. Access to the rooms directly to the east of the main
imaging area is restricted to nuclear medicine personnel only.

Fl r ntaining 185-370 MB r routinel : .
. ood sources €0 a 9 85-370MBGoa guseq outinely The areas outside the west and south walls are public hallways,
in nuclear medicine facilities to check the uniformity response

. . o 2 .. while a parking area is located just outside the north wall of the
and spatial resolution of scintillation cameras. Extrinsic unifor-

mity checks involve placing thé’Co flood source on an facility. The room directly above the facility is a classroom that

: . . 0 .
inverted detector head with the collimator in place and accumu®® occupied approxn_ngtely 20% of the time. . -
The nuclear medicine laboratory was designed originally to

lating 2—3 million counts, depending on the type of instrumen- . . . g
g P g P be an ultrasound imaging teaching laboratory. No special efforts
were taken during design to shield the laboratory. The exterior
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wall (north of the outer entrance door) is constructed with
20-cm thick concrete blocks. The interior of these walls is a
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FIGURE 1. Schematic view of a nuclear medicine laboratory showing measurement locations.

1.6-cm-thick sheet of type-X gypsum board mounted on 5-crmand centering the source directly under the camera head (face
metal studs. The other walls consist of a 1.6-cm-thick sheet oflown). The distance from the bottom of the camera face to the
type-X gypsum board mounted on each side of 9.2-cm metafloor was 1.0 m. Care was taken to ensure the camera face and
studs. Between the gypsum board sheets is 8.8 cm of minerflbod source were less than 2 cm apart.
fiber instillation. The section of the west wall, south of the During each exposure scenario, photon energy spectra were
concrete block wall, has an additional layer of 1.6 cm ofcollected from selected areas inside and outside the imaging
gypsum board on the laboratory side. All doors leading into thecoom using an energy-calibrated high-purity germanium (HPGe)
room are hollow, wooden doors, 4 cm thick. The door betweergamma-ray spectroscopy system. The approximate sampling
the camera room and the hallway has a glass window. locations (Locations 1 through 11) are presented by number in
Two exposure scenarios typically encountered during QQrigure 1. The spectroscopy system used an unshielded detector
testing in nuclear medicine facilities were simulated in thiswith 40% relative efficiency with a 4096-channel multichannel
study. Each used a circular 250-MBCo flood source made analyzer calibrated to approximately 0.5 keV per channel
with an epoxy matrix on a thermoplastic backing. It had a total(Oxford Instruments [now Canberra Industries, Inc.], Meriden,
area of 0.34 rhand an active area of 0.2%mAt the time of the ~ CT). The electronics of the spectroscopy system were kept in an
study, the flood source contained trace amount8¥@b and  adjacent room to minimize radiation scattering off the electron-
58Co; each being less than 0.05% of the total activity. The facaécs package. Thirty-minute count times were used to ensure a
of the camera head was rectangular with an area of 02#hoh  sufficient number of counts were collected so the 122- and
had a collimator attached. In the first scenario, the source was36-keV photoelectric peaks f&fCo could be differentiated.
placed on the inverted (face up) camera head. The distance from The center of the sensitive volume of the HPGe detector was
the top of the camera head to the floor measured 1.5 m. That a height of 0.9 m from the floor. Because of the relatively
second exposure scenario involved placing the same floothrge distances from the source to where the measurements
source on an imaging table (overlaid with a 2.5-cm foam pad)were taken, there is little difference in the source-to-detector
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distance between the 2 scenarios. Raising the source 0.5 m photopeak by the counts in the highest channel of the lgad K
the camera face-up scenario, resulted in a less than 4% increaseay peak at 85 keV.

in source-to-detector distance at all locations except Location 4. A calibrated, Geiger-Mueller handheld survey meter (Model
At Location 4, the difference in distance was 16%. 14-C, Ludlum Measurements, Inc., Sweetwater, TX) with a

The performance of a gamma-ray spectrometry detectothin-wall cylindrical detector (Model 44-6) was used to deter-
often is described by its peak-to-Compton ratio (PTCR). Thismine exposure rates at each of the sampling locations. The
ratio typically is used to represent the ability of a germaniumdetector was held at a height of 0.9 m for each measurement.
detector to properly sense the energy of an incoming gamm¥hen taking measurements at Locations 3 and 11, the doors to
ray. It is a measure of the combined effects of detector energthe camera room were closed. The detector was calibrated using
resolution and the photofractioh@. The PTCR is definedfora a NIST-traceable’®’Cs source. The detector is energy-
60Co source and is determined by dividing the total counts in thedlependent and its response to photons in the 70- to 150-keV
peak channel of the 1332-keV peak by the average counts peange is too high by a factor of approximately 2.2, while it is too
channel in the flat portion of Compton continuum (1040-1096low for energies less than 55 keV. Because of the complex
keV) associated with that peaki(,12). Based on this definition, photon energy spectra being examined and the varying energy
the detector used in this study had a PTCR of 72.2. The PTCResponse of the detector, no attempts were made to correct the
of a detector varies with detector size. For a given detector andxposure rate reported by the meter.
source configuration, the PTCR decreases if there are nearby For purposes of data comparisons, measurement locations
structures that may scatter gamma rays into the detector. were divided into 2 groups. The first group included locations

In this study, PTCR was operationally defined foP’€o inside the camera room (Locations 1, 2, 4, 5, 8 and 10), while
flood source. Using the 122-keV peak®€o, the PTCR was the second group included locations outside the room that were
defined as the counts in the highest channel of the peak divideshielded by walls and doors (Locations 3, 6, 7, 9 and 11).
by average counts per channel in the Compton continuunANOVA was used to examine differences in exposure rate and
(17-41 keV). Figure 2 depicts the portions of the spectrum useg@hoton energy spectra parameters between the 2 source place-
in this calculation. ment scenarios.

A second parameter used in this study to examine the photon The influence of the distance from the source to the camera
energy spectra was a peak-to-x-ray ratio (PTXR). The PTXRace on exposure rate also was examined. Exposure rate
was defined as the ratio of tR&Co 122-keV gamma rays to lead measurements at a height of 0.9 m were taken at Locations 4
Kg x-rays detected at a given location. It was calculated byand 12 as the camera head was raised to varying heights above
dividing the total counts in the highest channel of the 122-keVthe source (camera facedown scenario).
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FIGURE 2. Portion of the energy spectra compared to determine the PTCR and PTXR. This is the background gamma-ray energy spectrum
collected during a 30-min count at Location 9, when the source was stored in a lead-lined container in the hot laboratory.
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RESULTS when the flood source was above the camera (face up). The

. . exposure rate was slightly higher at most locations when the

~ Thirty-minute background spectra were collected at Locayjqoq source was below the camera (face down). Location 11
tions 7 and 9 with the source stored in a lead-lined container iNvas an exception. The exposure rate showed a large increase
the hot lab. Background exposure rates taken at these IocatioWnen the flood source was placed below the camera (face

—1 1 i
averaged 2 pC kgf s (30 PR hr). At Location 9, the down). This suggested that the window in the door provided

resilting 122-keV peak in the background spectrum was nearly, ..o\ jite shielding. The PTCR decreased at Locations 3, 6
2 orders of magnitude less than during either QC scenario.

Because of the small peak height compared to natural baqund 11 when the flood source was placed under the detector, but

ground radiation, the PTCR at Location 9 was-8236 and the increased at Location 9. At Location 7, which was shielded by

PTXR was 0.950.04. Although no 122-keV peak was ob- the brick wall, counts obtained in the 122-keV peak were 3
served in the backgr(;und spectrum at Location 7, the oper2ders of magnitude less than all other locations for both source

tional definitions of PTCR and PTXR yielded values of positions. The PTCR of the 2-source placement scenarios at
4.7+2.6 and 0.72:0.04, respectively. Location 7 were similar to the value observed there when the
Table 1 lists the exposure rate, PTCR and PTXR at eacffource was placed in storage (i.e., background).
location examined using gamma-ray spectroscopy. For loca- The distance between the camera head and the source
tions inside the camera room, there was a significant differencifluenced the resulting exposure rates. When the source was
in exposure rateR = 0.0034), the PTCRR = 0.026) and the  below the camera (camera facedown scenario) and the distance
PTXR (P = 0.0005) between the 2 source placement scenarioBetween the source and the camera face was less than 5 cm, the
investigated. The exposure rate from the flood source increasemera head shielded the source resulting in a reduced exposure
by a factor of 4.3+ 3.0 when the source was placed below therate. Positioning the flood source directly on the camera face
camera head (face down) as compared with placement of th@ace up) provided the greatest reduction in exposure rate. This
source above the camera head (face up). The increase Wmas because the camera head more effectively shielded the
exposure rates over background averaged 2.81.4 pC  source in relation to the 0.9-m high monitoring locations.
kg=1s71(39 + 20 uR hr1) when the flood source was lying on
the camera head (face up) and 1+%.7 pC kgt s! (170 =
79 UR hrl) when the flood source was below the camera head DISCUSSION

(face down). The average PTCR for locations in the camera
room was 66.0+ 11.0 when the flood source was above the Fi9uré 3 presents an example of the photon energy spectra

camera (face up) and 502 10.0 when the flood source was observed. Differences in the size and shape of the spectra and
below the camera (face down). The smaller errors in thdhe photon fluence rate from the two-source placement sce-
calculated PTCR for each location when the flood source wa8arios were observed readily. The peak in each spectrum at 85
below the camera (face down) are due to the significantly highek€V corresponds to the Kx-rays of lead. Lead x-rays are
count rates obtained with that geometry. The PTXR of theProduced after gamma rays from the flood source interact
locations in the room averaged 240.8 with the flood source through the photoelectric effect with the collimator and the
above the camera (face up) compared to %5.0..0 with the  shielding surrounding the camera head. The x-rays are radiated
flood source below the camera (face down). isotropically from the camera head. When the source was lying
Results were varied for the locations shielded by doors andbelow the camera head (face down), thex<rays of lead also
walls. The exposure was at or near background at all locationg/ere observed at 73 and 75 keV in the spectra. Because of their

TABLE 1
Exposure Rate, PTCR and PTXR Measured at Various Locations In and Around
the Nuclear Medicine Laboratory

Exposure rate (pC kgt s71) Peak-to-Compton ratio Peak-to-x-ray ratio
Distance from Camera Camera Camera Camera Camera Camera

Location source (m) facing up facing down facing up facing down facing up facing down
1 2.96 4 9 78 = 0.5 52 +0.2 3.4 +0.02 4.9 = 0.02
2 2.45 5 14 72+ 0.4 62 +0.1 2.1 *+0.01 5.9+ 0.02
3 2.50 2 3 77 £ 0.5 22 0.1 3.9 £0.03 2.9 £0.02
4 0.86 7 25 69 = 0.3 59 = 0.1 1.8 £0.01 6.0 = 0.01
5 1.79 5 11 7104 47 = 0.1 3.4 £0.02 5.0 £ 0.02
6 2.64 2 3 68 = 0.5 36 =0.1 3.5 *+0.02 3.6 = 0.02
7 4.12 2 2 4.7 *0.1 53+0.1 0.56 = 0.02 0.70 = 0.02
8 2.92 4 13 48 = 0.3 34 £0.1 1.5 +0.01 3.5 £0.02
9 2.90 2 3 12+ 0.1 30 0.1 0.49 = 0.01 2.6 +0.02
10 211 6 13 58 + 0.3 47 £ 0.1 2.1 +£0.01 4.4 = 0.01
11 2.65 3 13 69 =04 49 + 0.2 3.4 +0.02 5.2 £ 0.02
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FIGURE 3. Gamma-ray spectra collected during a 30-min count at Location 2 with the flood source above (dotted line) and below (solid line)
the camera.

lower energy, the probability of the K-rays interacting before energy of the5’Co gamma rays is relatively low. Compton
leaving the lead shielding was nearly twice that of thg K scattering is an interaction mechanism in lower atomic number
x-rays. This resulted in a reduced intensity of thg Xrays  materials, such as the camera supports. The maximum energy of
compared to the Kx-rays at all measurement locations. The the recoil electron produced during the Compton scattering of a
small air gap between the source and the detector, when thHE22-keV gamma ray is 39 keV (47 keV for a 136-keV gamma
source was placed below the camera (face down), was sufficiemay). The scattered photon will have an energy greater than 83
to present an unshielded path for photons to emerge from thkeV (89 keV for a 136-keV gamma ray).
camera head and the flood source. When the source is placedThe flat portion of the spectra at lower energies was caused
directly on the face of the camera (face up) there was no air gafny gamma rays from the source interacting with the detector
This was one of the reasons the exposure rate decreased whigmough Compton scattering. Because of the low-energy of the
the source was placed above the camera. recoil electron produced and the small probability of the

The sharp peaks in the photon energy spectra at 122 and 136action, Compton scattering contributes little to measured
keV were due to gamma rays emerging from the flood sourcexposure rate directly. It does contribute indirectly, however.
and interacting directly with the detector by the photoelectricPhotons scattered by structural components made of relatively
effect. These peaks were more pronounced when the floolbw atomic number materials result in the increased counts with
source was below the camera head and in the same plane as thecreasing energy in the range 83-122 keV. These scattered
measuring devices. Placing the source above the camera hepbotons then may interact through the photoelectric effect
increased the fraction of gamma rays that needed to traveksulting in increased counts at lower energies.
through the camera head to reach a measuring device. EvidenceThe extra shielding provided by the walls of the camera room
for the camera head serving as a shield when the source wassulted in the PTCR for locations outside the room to be lower,
place above the camera (face up) was given by the PTXRn average, than at locations inside the room. This was
values. The camera head reduced the gamma-ray intensity froespecially evident at Location 7, which was shielded by the
the source, but was less effective in stopping the lead x-rays anafick wall, and Location 9. Between Location 9 and the flood
scattered photons produced in the camera head itself. Thisource, there was an extra layer of gypsum board and the
resulted in a lower PTXR when the flood source was above theamera gantry. At Location 9, the PTCR was lower when the
camera. It should be noted that the amount of shieldinglood source was above the camera (face up). The presence of
provided by the camera head would vary depending on théead counter weighting in the lower portion of the gantry
height of the camera face (and the source) relative to the heigl#ppears to have increased the amount of shielding when the
of the exposure rate measurement. flood source was below the camera head (face down).

Compton scattering was not a major interaction mechanism The change in exposure rate obtained when repositioning the
in the lead shielding surrounding the camera head because tlfileod source was not entirely due to changes in the 122-keV
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gamma counting rate. A regression analysis of the ratio of
counts in the 122-keV peaks in the two-source positions to the

ratio of exposure rates yields arf R 0.57. This implies that

1.

changes in the 122-keV gamma counting rate are not solely

responsible for changes in exposure rate. Changes in thé"

amount of scattered radiation and lead x-rays also contributed

to the measured exposure rate and must be considered.

CONCLUSION

Attempting to calculate technologist’s radiation dose from a
flood source during routine QC procedures based solely on thes.
57Co gamma rays may lead to a significant underestimation of
the exposure dose. Analysis of the photon energy spectrum”

3.

shows that a large portion of the dose received is from scattered

photons and lead x-rays. The radiation safety principle of 7
ALARA (as low as is reasonably achievable) dictates placing

the flood source above an inverted camera head (face up)

whenever possible during these procedures. This will reduce®:
significantly the technologist’s radiation dose by providing
extra shielding of the source and by minimizing the production 9.
of both the scatter radiation and lead x-rays. If the flood source
must be placed below the camera head (face down), the,
radiation dose to the technologist can be reduced by minimizing
the distance between the source and the camera head. The

nuclear medicine technologist also should employ other basic

radiation safety precautions, such as working efficiently to
reduce the time of exposure, increasing the distance betweés-
themselves and the source when possible, and using portable

radiation shields.
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