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SELECTION, USE, CALIBRATION, AND QA OF RADIONUCLIDE CALIBRATORS IN NUCLEAR MEDICINE

1. Introduction

1.1 Purpose

This document is designed to provide guidance on the selection, use, calibration, and qual-
ity assurance of radionuclide calibrators for use in nuclear medicine for the quantification of the
activity of known radionuclides.

1.2 Scope

The scope of this document has been limited to radionuclide calibrators that incorporate
pressurized, well-type ionization chambers for measuring the activity of x- and gamma-ray emit-
ting radionuclides, 511 keV annihilation photons, and medium- to high-energy beta emitters.

2. Background

2.1 Assay of Radioactivity for Clinical Use

The accurate assay of activity prior to administration is one of several important processes
required to assure that patients receive the correct radiopharmaceutical dosage. Assuming that
the treatment or diagnostic study is appropriate and the prescribed radiopharmaceutical is being
administered via the prescribed route to the correct patient, other processes include the determi-
nation of the appropriate activity to be administered and the successful administration of that
activity.

Radionuclide or dose calibrators are the instruments most often employed to assay the activ-
ity of a radioactive material prior to clinical use. The objective of the assay is to help assure that
the patient receives the minimum absorbed dose compatible with obtaining a high-quality diag-
nostic image or with achieving a desired therapeutic outcome.'

2.2 Selection of Patient Dosages

2.2.1 Patient Dosages

In the United States, physician “authorized users” specify the activity or range of diagnos-
tic activities to be administered to a patient in either a written directive or in the directions for
diagnostic procedures (e.g., a list of prescribed dosages or in a written protocol).”> Typically, the
activities are pragmatic values that are based upon accepted practice. Dosages may be adjusted
for patient size (e.g., pediatric patients and heavy adults) or condition (e.g., pregnancy). The
values can vary widely among nuclear medicine facilities. Therapeutic dosages may be based on
an established protocol or calculated based upon patient-specific data.

2.2.2 Diagnostic Reference Levels

For diagnostic studies, to assure that patient absorbed dose is commensurate with the clini-
cal purpose, the use of Diagnostic Reference Levels (DRLs) has been recommended for nuclear
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medicine.? Several countries have both established and implemented numerical values for
administered activity;4 however, in the United States, national DRLs have not been set and are
presently not required by regulatory agencies. Reference levels for radiopharmaceutical therapies
are considered inappropriate.’

2.2.3 Nuclear Regulatory Commission

In the United States, both the Nuclear Regulatory Commission (NRC) and the Agreement
States regulate the possession, use, and quality control of radionuclide calibrators. Agreement
State requirements typically reflect those of the NRC but may not be identical. The regulations
quoted in this document represent the current (time of publication) NRC regulations.

Diagnostic and therapeutic dosages go through several stages from prescription to delivery.
They originate as an oral or written prescribed dosage. Then, during preparation they are measured
and become the assayed dosage and, eventually, they become the delivered dosage. Prescribed
dosage is defined as ‘“the specified activity or dosage range as documented in a written directive
or in accordance with the directions of the authorized user physician.”* A licensee must deter-
mine and record the activity of each unit or non-unit dosage before medical use (see section 2.3)
and (unless otherwise directed by the authorized user) may not use a dosage if the dosage does
not fall within the prescribed dosage range or if the dosage differs from the prescribed dosage
by more than 20%. This requirement includes dosages measured in a radionuclide calibrator.
The delivered dosage might differ from the prescribed dosage and/or the assayed dosage.

2.2.4 Food and Drug Administration

The Food and Drug Administration (FDA)-required radiopharmaceutical labeling (package
insert) typically includes manufacturer-recommended dosages or dosage ranges. Dosage recom-
mendations are based upon supporting data indicating a safe and effective dosage. There can
also be recommended dosages or dosage ranges for both adult and pediatric patients as well as
recommended dosage adjustments for patient conditions (e.g., for renal disease and other condi-
tions such as low platelet counts). However, package inserts may not reflect current experience
and/or technology and the recommended dosages may no longer be current. Investigational stud-
ies using radiopharmaceuticals may require FDA approval through the Investigational New Drug
(IND) or Radioactive Drug Research Committee (RDRC) process. Radiopharmaceutical dosages
are approved as a part of these processes.

2.3 Requirements for Dosage Assay

2.3.1 Nuclear Regulatory Commission

The NRC addresses the assay of radioactive drugs for manufacturers in Title 10 CFR Part 35°
and CFR Part 32.° Part 32 regulates the manufacture, preparation, or transfer for commercial dis-
tribution of radioactive drugs containing byproduct material for medical use under Part 35. Part
35 addresses the assay of radioactivity for clinical use and contains several important definitions,
including, that of a unit dosage. A unit dosage is defined as a “dosage prepared for medical use
for administration as a single dosage to a patient or human research subject without further
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manipulation of the dosage after it is initially prepared.” Therefore, a dosage withdrawn from a
multi-dose vial or withdrawn from a vial containing a single dosage is not a unit dosage (as
defined) because it has been further manipulated. In addition, a dosage prepared as a unit dosage
that is altered (e.g., activity removed) is no longer a unit dosage by definition.

Part 35 requires that a licensee determine and record the activity of each unit or non-unit
dosage before medical use. The determination may be made by direct measurement. For direct
measurements, the regulations require instrumentation to measure the activity of unsealed
byproduct material before it is administered. The instrumentation must be calibrated in accor-
dance with nationally recognized standards or the manufacturer’s instructions. For unit dosages,
the NRC also allows the activity to be determined without measurement by decay correction
based on the activity or activity concentration provided by an approved supplier. For non-unit
dosages, the activity may also be determined by a combination of volumetric measurements and
mathematical calculations based on the measurements of an approved supplier. However, this
Task Group recommends that all dosages be assayed prior to administration. As noted by the
National Council on Radiation Protection and Measurements (NCRP), “good practice requires
that all individual doses be checked to minimize the possibility of error.””’

2.3.2 Food and Drug Administration

The FDA recognizes the radionuclide dose calibrator® as a device intended to assay radionu-
clides before administration to patients. The FDA typically requires package inserts to include a
general statement indicating that patient dosages should be measured immediately prior to
administration. The FDA guidance document on good manufacturing practice for positron emis-
sion tomography (PET) drugs recommends that a radionuclide calibrator be used to measure the
radioactivity of PET drugs.’

The United States Pharmacopeia/National Formulary (USP-NF)'* contains both general
chapters and monographs that include references to the necessary use of radionuclide calibrators
as a part of the preparation and use of radiopharmaceuticals for diagnosis and therapy. General
chapters numbered below 1,000 are enforceable by the FDA. USP General Chapter <821>
“Radioactivity” is the most relevant to the use of radionuclide calibrators and specifically
requires the use of instruments necessary for the accurate identification and assay of radionu-
clides. The ionization chamber is identified as an instrument that may be employed for this pur-
pose. General Chapter <821> also addresses the calibration and quality control of radionuclide
calibrators including a recommendation that all calibrations be performed using “authentic”
reference sources of individual radionuclides rather than interpolation from an energy-
response curve.

2.4 Accuracy of Dosage Assay

24.1 Assay Accuracy

In most countries, the standard of good practice is for the administered dosage to be within
+10% of the prescribed dosage. To help achieve this, the International Atomic Energy Agency
(IAEA) recommends a calibrator accuracy of #5%' and the American National Standards
Institute (ANSI) recommends an assay accuracy of +10%."!

3
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This Task Group recommends that the assayed dosage be within £10% of the prescribed
dosage for diagnostic dosages and £5% for therapeutic dosages when practicable. For I-131
liquid solutions, +5% is readily achievable; however, for I-131 in capsular form 5% of the
prescribed dose at the time of administration may be problematic since the dosage cannot be
adjusted. For pure beta emitters 5% may be more difficult to achieve. In addition, for liquid
therapeutic dosages, potential residual activity in the source container or delivery lines should be
assayed immediately post-administration to assure that the proper dosage has been delivered.

2.4.2 Nuclear Regulatory Commission

The NRC? requires that (unless otherwise directed by the authorized user) a licensee not
use a dosage if the dosage does not fall within the prescribed dosage range or if the dosage differs
from the prescribed dosage by more than 20%. The latter is typically interpreted to require that
assayed dosages be within at least £20% of the prescribed dosage. However, as noted above, this
Task Group recommends narrower limits as the standard of practice (see section 2.4.1).

2.5 Responsibility for Accurate Dosage Assays

From a regulatory standpoint, the licensing body holds the licensee ultimately responsible
for accurate assays; however, there are key individuals who (under the license) share (to differ-
ent degrees) responsibility for the proper assay. The licensee is required to identify authorized
individuals who supervise the day-to-day use of radioactive materials under the license. These
include physician-authorized users and authorized nuclear pharmacists.

Nuclear medicine technologists are typically not listed on a license and work under the
supervision of a physician authorized user or an authorized nuclear pharmacist; however, they
are often the “final filter” assuring that the correct dosage is administered to the correct patient.
Other individuals (including nuclear medical physicists and medical health physicists) may have
assay responsibilities but are not typically listed on a license and also may work under the super-
vision of the physician authorized user or an authorized nuclear pharmacist.

Radionuclide calibrator manufacturers bear some responsibility for facilitating accurate
assays. To meet this responsibility they must provide accurate calibration settings for well-
defined, reproducible source and chamber geometries. Ideally, the calibration settings should be
for the source geometries that are used clinically. This Task Group recommends that calibrator
manufacturers provide a declaration of performance (see section 9.1) with each radionuclide
calibrator that clearly identifies the uncertainty of their calibration settings (preferably traceable
to National Institute of Standards and Technology [NIST]). The manufacturer should provide the
methodology used to derive the calibration settings and for what chamber and source geome-
try(ies) they may be applied. Most users are not aware that calibration settings are often calcu-
lated using response-energy curves (see section 4.3) and that the measurements or calculations
may be based on source geometries that differ significantly from the clinical source geometries.
In addition, commercial nuclear pharmacies (including radiopharmaceutical manufacturers)
need to work closer with licensees to help assure accurate assays for clinical geometries.
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3. Assay Systems

3.1 Absolute Assay Systems

An assay system may be designated as ‘“absolute” if the measurement produces a disinte-
gration rate (e.g., disintegrations per second) that is independent of a calibration factor or of a
reference to some other standard of activity. Absolute assay systems include established methods
such as 4nBy coincidence counting.'> Knowing the disintegration rate per unit mass and the
mass of a master solution, a primary standard can be prepared and knowing the MBq/g
(megabecquerels per gram) of the primary standard and the pA/g (picoampere per gram)
response of the radionuclide calibrator, one can derive a calibration factor (pA/MBq) for well-
defined measuring geometries.

3.2 Radionuclide Calibrators

Absolute assays are not necessary in most clinical situations, assuming radioactivity is
assayed using an instrument that has been calibrated relative to some traceable standard of
known accuracy. The typical instrument for assaying radiopharmaceuticals is the pressurized,
well-type ionization chamber. These instruments are capable of providing radioactivity measure-
ments to within the required accuracy levels (for clinical activities) when properly calibrated,
operated, and maintained. These systems are called radionuclide calibrators (IEC, NPL
[International Electrotechnical Commission, National Physical Laboratory]) or radionuclide
dose calibrators (FDA) or radionuclide activity calibrators (NIST) or dose calibrators (common
usage, USP and ANSI). However, since the word “dose” is broadly used to refer to units based
upon the energy absorbed per mass of irradiated material, the term “radionuclide calibrator” is
used in this publication.

For a medical facility, a radionuclide calibrator is typically purchased pre-calibrated by the
manufacturer for commonly used radionuclides. Calibration coefficients (typically available as
calibration settings on the radionuclide calibrator console) are provided for specific sample con-
figurations (e.g., glass vials and/or plastic syringes). These calibration settings are initially
determined by the manufacturer for a master system or a typical production system by direct
measurement using primary or traceable standard sources, or they may be calculated using
response-energy curves obtained using standard sources and published decay schemes. The cal-
ibration settings are then transferred to the production systems. Radionuclide calibrators may
also be calibrated at the medical facility using commercially available primary standards or
standards that are traceable to primary standards. Radiopharmaceutical manufacturers or com-
mercial nuclear pharmacies may also provide calibration settings traceable to NIST standards.

3.3 Secondary Standard Radionuclide Calibrators and Reference Radionuclide
Calibrators

A radionuclide calibrator that has been directly calibrated using primary standards may be
used to provide secondary standard sources for calibrating production radionuclide calibrators
(field instruments). A calibrator that is used to provide secondary standards is called a second-
ary standard radionuclide calibrator (SSRC).!* Theoretically, any reliable field instrument that
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has been calibrated using primary standards traceable to a national standards laboratory can
serve as an SSRC for specific source geometries if it is properly it operated, maintained, and
undergoes proper quality control. A reference radionuclide calibrator (RRC) is a radionuclide
calibrator that has been calibrated using traceable secondary standard sources, and it may also
be used to calibrate field instruments.

3.4 Accuracy of Radionuclide Calibrators

Although radionuclide calibrators appear to be one of the less complicated pieces of med-
ical equipment, their measurement sensitivity for a particular radionuclide is a function of many
variables, each of which may lead to significant errors.!* However, as noted by Zimmerman and
Cessna, “while these devices are not appropriate for metrology applications, they are capable of
providing radioactivity measurements to within the accuracy levels required by radiopharmaceu-
tical manufacturers and clinical users when properly used and maintained.”"” The standard of
good practice in most countries is that the administered dosage should be within 10% of the pre-
scribed dosage (see section 2.4.1). Therefore, given the other sources of error involved in the
delivery of the dosage, radionuclide calibrators should introduce a measurement error of less
than 10%.

For radionuclide calibrator field instruments, this Task Group recommends radionuclide cal-
ibrator accuracy within 5% (at k=2 level) for photon emitters >100 keV and within +0% (k=2)
for photon emitters <100 keV.'” For medium- and high-energy beta emitters, this Task Group
recommends radionuclide calibrator accuracy within +5% (at k=2 level) for low-energy beta
emitters within £10% (k=2)."” Secondary standard radionuclide calibrators and reference
radionuclide calibrators should be calibrated to within +2% (at k=2 level) for photon emitters
>100 keV and medium and high-energy beta emitters and within £5% (at k=2 level) for photon
emitters <100 keV and low-energy beta emitters.!” Because licensees can use unit dosages
obtained from approved suppliers without re-assay,” this Task Group recommends that these sup-
pliers (e.g., radiopharmaceutical manufacturers and commercial nuclear pharmacies) calibrate
and maintain their radionuclide calibrators as either secondary standard radionuclide calibrators
or as reference radionuclide calibrators.

4. Radionuclide Calibrators: Pressurized, Well-Type Ionization Chambers

4.1 Basic Design and Operating Characteristics

Radionuclide calibrators are most commonly re-entrant (well-type) pressurized ionization
chambers directly coupled to an electronic circuit that converts and displays chamber response
(time-averaged ionization current) in units of activity. The principles of ionization chamber
operation are well summarized in other publications.'>!'® In this document, basic design and
those operating characteristic that affect calibration and day-to-day operation are discussed.

Radionuclide calibrators consist of an array of concentric cylinders with an axial symmetry
in the vertical direction. The chamber wall is typically an aluminum alloy a few millimeters
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thick. Variations in wall thickness are subject to manufacturing tolerances. The effect of varia-
tions in wall thickness depends upon the radionuclide and the container format. The chambers
are sealed with a filling gas at high pressure. A sealed chamber eliminates the need for temper-
ature and pressure correction and the high pressure increases detection sensitivity. Modern
radionuclide calibrators have larger chambers that decrease (but not eliminate) the source posi-
tional dependence due to a longer longitudinal z-axis uniform efficiency or “sweet spot.”

Saturation current is maintained using a stabilized high voltage (HV) supply that allows the
accurate assay of up to several hundred gigabecquerels (GBgs) (several curies [Ci]) of activity
for some radionuclides without significant ion recombination and space charge effect. System lin-
earity (section 5.3) reflects these saturation characteristics of the ionization chamber. The prob-
ability of ion recombination and space charge effect increases with increasing activity and
potentially results in a reduction in the ion current collected per unit activity leading to an
underestimate of the assayed activity.

Calibrator electronics include an electrometer designed to measure a wide range of ioniza-
tion current. System linearity also depends upon the linearity of the electrometer. The current
produced per unit activity (MBq) for common radionuclides ranges from tens of femtoamperes
(fA) for high-energy beta emitters up to tens of picoamperes (pA) for high-energy, high-yield
photon emitters. High-activity assays can involve microamperes (LA) currents. The accuracy of
the electrometer depends upon the type and quality of the electrometer and the accuracy of the
standard reference sources used to calibrate the electrometer. Auto-ranging electrometers have
replaced mechanical range switching electrometers eliminating one potential (mechanical)
source of nonlinearity; however, calibrators may still exhibit some range-changing nonlinear-
ity.!” Typical commercial electrometers used for radionuclide calibrators have a nominal accu-
racy of about £1% to 2%.

Chamber shielding is used to reduce the effect of local environmental radiation and to
reduce unnecessary operator exposure. Most commercial calibrators come with inherent cham-
ber shielding, but additional shielding can be purchased to either reduce chamber background in
a high background environment or to reduce operator exposure. Backscatter and the emission of
lead x-rays from shielding can alter the response of the chamber and affect the accuracy of the
calibration settings. Radionuclide calibrator manufacturers should confirm that the calibration
settings provided accurately reflect the contributions from the supplied chamber shielding (both
for inherent and additional shielding). The source holder provided with the calibrator and the
plastic chamber liner are important parts of the assay system. Manufacturer-supplied calibration
settings are measured or calculated for sources in a specific source container and source volume
positioned in the chamber using the source holder. Since chamber sensitivity varies in both the
horizontal and vertical directions, proper use of the supplied source holder with the liner in
place is essential. In addition, current production radionuclide calibrators incorporate micro-
processors that allow additional quality control tests to be performed and digital display devices
have replaced analog devices. Radionuclide calibrators have no intrinsic photon energy discrim-
ination capability; they are not spectrometers and the settings do not restrict the measurements
to specific photon energies to the exclusion of others. All settings will display an activity read-
ing when sufficient activity is positioned in the chamber; however, only the setting for the spe-
cific radionuclide being measured will potentially yield the correct activity.
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While radionuclide calibrators have many features in common with un-pressurized re-
entrant (well-type) ionization chambers, radionuclide calibrators should not be used for the cal-
ibration of sealed-sources containing radionuclides for (non-microsphere) brachytherapy.'®

4.2 Calibration Coefficients

A calibration coefficient is the coefficient used to convert the measured ionization chamber
current to a nominal activity. The magnitude of a calibration coefficient depends upon the radionu-
clide, the physical characteristics of the ionization chamber (inner chamber wall thickness, gas
pressure, chamber design, and operating voltage) and the source geometry (container type, con-
tainer wall thickness, source volume, and position of the container in the chamber). Additional
components common to commercially available radionuclide calibrators also influence the meas-
ured current, including lead shielding, the sample holder, and the removable liner. Table 1 lists cal-
ibration coefficients for the NPL secondary standard ionization chamber for a number of
commonly used radionuclides.'” Calibration coefficients are often referred to as calibration factors.

For a given radionuclide, the response of the chamber depends upon type of decay, parti-
cle(s) energy, and the decay scheme of the radionuclide. Source volume affects chamber
response due to attenuation and/or chamber position. For most commercially available radionu-
clide calibrators, calibration coefficients (e.g., in pA/MB(q) are available indirectly as calibration
settings applied using buttons, dials, numeric keypads, etc. These calibration settings are ini-
tially determined by the calibrator manufacturer and are typically assigned by radionuclide.
However, it is the response of the chamber to a given radionuclide in a specific source geometry
that is correlated with a particular setting. Thus, in order to obtain an accurate activity reading
for a selected radionuclide, calibration settings must be determined for that radionuclide in the
specific geometry being used.

Table 1. Examples of Calibration Coefficients (Vial) from the
NPL Secondary Standard Radionuclide Calibrator

Radionuclide
(pA/MBq) Calibration Coefficient
P-32 0.03518
Y-90 0.0721
T1-201 0.886
Tc-99m 1.240
Ga-67 1.565
I-123 1.721
I-131 4.073
1-131 (capsule) 4.053
In-111 4.129
F-18 10.39
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Commercially available radionuclide calibrators are typically provided with calibration set-
tings that can be used for specific containers and volumes of solution. When calibration settings
are based upon glass vials’ geometry, measurements made using plastic syringes can be signifi-
cantly higher for radionuclides whose decay includes lower energy photon emissions.?**' When
calibration settings are based upon plastic syringes, the opposite may be true. Calibration set-
tings are typically determined by measurements using traceable reference standards and/or (by
the calibrator manufacturer) by calculation using the calibrator’s response-energy curve.”?
Calibration settings may also be obtained from radiopharmaceutical manufacturers, commercial
nuclear pharmacies, or measured in-house using national standards or sources traceable to
national standards. In the United States, national standards are available from NIST?® and are
called Standard Reference Material (SRM). NIST-traceable standards are available from several
commercial sources. Some commercially available radionuclide calibrators (manufactured
abroad) may be calibrated using standards traceable to the other primary standards laboratories
(e.g., NPL, United Kingdom; PTB" Germany; LNHB', France).

4.3 Response-Energy Curves (Photons)

A typical response-energy or sensitivity curve for an aluminum alloy wall chamber is
shown in Figure 1. It is modeled after a commercially available radionuclide calibrator’s sensi-
tivity curve.?* Chamber output due to 3.7x10'? photons of energy E is normalized to the output
of a reference radionuclide (in this case, Co-60). To generate the curve, a limited number of cali-
bration coefficients are measured using standard reference sources over the range of energies of
interest. The chamber response due to specific photons emitted by the radionuclides is calcu-
lated, normalized to a reference radionuclide, and plotted to yield the response-energy curve.
Using the resulting response-energy curve, calibration coefficients for other radionuclides can be
calculated using published decay schemes.

For aluminum-walled chambers, photons with energies below approximately 13 keV are
stopped before they reach the sensitive volume of the chamber. The actual cutoff depends upon
the source volume; the source container wall material and thickness; and the thickness of the
source holder, plastic liner, and chamber wall. These thicknesses will vary according to system
design and manufacturing tolerances. As seen in Figure 1, from a low-energy threshold, ioniza-
tion current increases rapidly and then abruptly decreases, yielding a peak centered at approxi-
mately 50 keV. The peak results from the competing effects of increased photon transmission
through the source, source container, plastic source holder, plastic liner, and chamber wall (as
their photoelectric cross sections decrease rapidly), combined with the eventual decrease in pho-
ton interaction with the chamber sensitive volume (as the chamber’s photoelectric cross section
decreases). Compton scatter becomes the most probable interaction at approximately 50 keV.
Above 200 keV Compton scatter dominates and sensitivity increases approximately linearly with
increasing photon energy. Thus, detection efficiency is low at low energies, peaks around 50 keV,
reaches a minimum near 200 keV, and increases linearly as energy increases.

'PTB = Physikalisch-Technische Bundesanstadt; LNHB = Laboratoire National Henri Becquerel.

9
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Figure 1. Example of commercial radionuclide calibrator efficiency or
response-energy curve (relative to Co-60).

5. Sources of Assay Errors

5.1 Plug and Play

It has been common practice to use a radionuclide calibrator “as is” from the manufacturer,
i.e., the calibrations settings for a specific radionuclide are assumed to be dependent only the
radionuclide and not on the radionuclide in combination with other factors; including the source
container, source volume, and source position in the chamber. Individuals in medical facilities or
in commercial nuclear pharmacies who use radionuclide calibrators on a daily basis may not
fully understand the calibrator’s operating characteristics and may not have read and/or under-
stood the operating manual.

Ideally, a radionuclide calibrator should come calibrated for each radionuclide and sample
configuration to be used in clinical practice. However, this is not the case and calibrations are
typically derived for one container type, a specific source volume, and a specific chamber posi-
tion. They are initially measured or calculated for a manufacturer’s master or typical production
system. The calibrations are then transferred to each field instrument using limited source meas-
urements and an algorithm that relates dial settings to calibration factors. Calibrations provided
by the calibrator manufacturer may be sensitive to small changes in both source and positional
geometries and any change may affect the calibration coefficients and, thus, the assay to some
degree. It is up to the user to either demonstrate that the change is not significant (<5%) or, if
significant, new calibration settings, calibration coefficients, or correction factors need to be
derived and applied.

For example, an NPL report*> summarized the test results from nine commercial radionu-
clide calibrators. The instruments were used “as is” from the manufacturer to assay nine differ-
ent photon-emitting radionuclides dispensed into common formats. Only two of nine calibrators

10
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assayed eight to nine of the radionuclides within the 5% accuracy objective for a range of
radionuclides and sample formats (the other radionuclides assayed within 8%). The remaining
calibrators exhibited systematic discrepancies for all the radionuclides tested. Many of the cali-
brators assayed common nuclides accurately in vial formats and less accurately in other formats.
Some radionuclides were more difficult to assay than others (see section 5.4.1). For example,
radionuclides that emit lower energy photons (e.g., characteristic x-rays) that contribute signifi-
cantly to the measured current are more difficult to assay accurately (e.g., I-123 and In-111).
Radionuclides that emit higher energy photons (photons >100 keV) typically are easier to assay
accurately (e.g., Tc-99m and I-131).

In a study that assessed the accuracy of the hospital measurements of Tc-99m activity,?® the
accuracy, in a large majority of cases, was better than 5%. Specifically, 2% of the measurements
were within 2% of the calibrated activity, 96% were within 5%, and only one measurement was
greater than 10%. In the majority of cases the manufacturer’s recommended dial setting was used.
However, it should be noted that the measurements were made using vial geometry on instruments
that were calibrated for vial geometry. The study does not reflect the errors introduced when activ-
ity is measured in a syringe format on an instrument calibrated using a vial format.

It appears that I-131 sources are not particularly sensitive to container differences and any
differences may be due to variations in geometry within the chamber, e.g., the syringe will not
be in the center of the chamber.'®!” However, even high-energy photon emitters demonstrate
some container differences. For example, using an NIST standard of F-18, Cessna et al.”’
obtained two different calibration settings, one for a 5 milliliter (mL) NIST ampoule and the
other for 1 mL of solution in a 3 mL BD syringe. Both assays were significantly different (+6.4%
and +8.9%, respectively) from the assays obtained using the manufacturer-reccommended cali-
bration setting.

In the ANSI standard'' several common sources of error or uncertainty in the assay of
radionuclides with ionization chambers are identified. In addition, NPL Report No. 93'7 identi-
fies several additional sources of uncertainty. Table 2 is a list of common sources of error or
uncertainty based upon these documents.

Radionuclide calibrators are not absolute assay systems. They are calibrated either directly
or indirectly using standard reference sources traceable to absolute assay systems. At best, the
accuracy of the calibration corresponds to the accuracy of the standard reference sources used
for the initial calibration. These sources are available with standard uncertainties (at k=2 level)
that range typically from 1% to 2% depending on the radionuclide.'” For calibration settings
derived using response-energy curves and published decay schemes, the uncertainty may be
greater.

5.2 Source Geometry

Source geometry is probably the most significant source of assay errors,'? specifically, the
difference between the container used to obtain the initial calibration settings and the contain-
ers used to assay dosages in clinical practice. Radionuclide calibrator manufacturers typically
calibrate their instruments using a national standard vial (e.g., the NIST SRM borosilicate-glass
ampoule) or a specific multi-dose vial.'® Ideally, the geometry of the standard source should be
identical to the geometry of the source being assayed. If the source geometry is not identical, the
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Table 2. Common Sources of Uncertainty in the Assay of Radionuclides
with Ionization Chambers

1. Errors in calibration of standard reference sources

2. Errors in calibration by interpolation using “master” chamber response-energy curve and
published decay schemes as extrapolated to “field” instruments

3. Variation in “field” instrument wall thickness and chamber gas pressure

4. Backscatter from chamber shielding

9]

Inherent accuracy and linearity of electronics, including range changing errors (with and without
with auto-ranging electrometers) and rounding or truncation errors

Ion pair recombination with high-activity sources
Variations in radiation background with low-activity sources

Differences between calibration containers and sample containers

© »® 2o

Variation in attenuation due to variations in sample containers’ wall thickness or material
and sample volume

10. Sample position in the chamber (including changes in sample volume)

11. Solution density and homogeneity are potential problems but typically not significant.
Non-homogeneity due to settling can be a problem with microsphere dosages

error in the measurement should be quantified and, if significant, either a new calibration setting
determined or a correction factor applied.

Some calibrator manufacturers recommend calibration corrections for syringes, but the sug-
gested values may be significantly underestimated. The situation is complicated in that there is
no standard syringe and the type of syringe, volume of solution, and needle length used to assay
dosages vary and may have a significant effect on the result.'”** For a given syringe type, manu-
facturing tolerances vary and calibration settings among manufacturers and for batches of
syringes for the same manufacturer may vary significantly.

Vial differences can also introduce assay errors. A measurement in a multi-dose vial that is
different from the vial used to calibrate the system may require a correction factor or a new cali-
bration coefficient.'® In the United States, there is no agreed upon multi-dose vial, and radio-
pharmaceutical manufacturers and nuclear pharmacies provide their products in a variety of vial
configurations and the vial production tolerances (e.g., wall or vial bottom thickness) may vary
significantly. Thus, it is necessary for the user to be aware of this source of assay uncertainty and
to ascertain if the error(s) introduced are significant.

Position of the source in the chamber introduces additional uncertainty if different from that
of the reference standard at calibration. Source holders provided with the calibrator generally
ensure that the vertical position of the source is maintained. However, vertical and horizontal
changes in source position within the holder (e.g., syringe angle in holder and syringe height and
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source volume) may affect chamber response. Source settling and the subsequent change in
source position can also affect chamber response.

Typically, doses can be assayed accurately independent of the sample size if the chamber
well is much larger than the sample size and the source is located in the center of the well.
However, even with the current production calibrators and their large chamber volumes, radionu-
clide calibrator manufacturers need to better define the location and size of the optimum meas-
uring region or “sweet spot.” In a paper by Santos et al.?® the authors recommend the
characterization of two important chamber regions: the first region corresponds to the locations
where the deviation from the maximum efficiency is less than 5% and the second where it is less
than 10%. The authors suggest that these parameters can be used for source position optimiza-
tion, for the characterization of calibrators during acceptance testing, and as a tool for quality
control testing. Axial response can also include an energy-dependent component of variation.

5.3 Linearity

Calibrator response is considered linear if the ratio of the measured response to the pre-
dicted response remains constant over the range of current inputs for which the calibrator is
designed. System linearity reflects both the linearity of the ionization chamber (saturation char-
acteristics) and the linearity of the electrometer. Ideally, linearity would be tested for each
radionuclide at the upper range of the proposed administered activities.'' However, this is often
impractical and most calibrators are tested with Tc-99m or with F-18 (for PET-only facilities).
The current produced per unit activity varies with the radionuclide. For F-18, Tc-99m, and
[-131 it is roughly proportional to the air kerma rate constants (for photons >20 keV); thus,
Tc-99m yields approximately 3 times less current than I-131 and approximately 8 times less cur-
rent than F-18 per unit activity.

For medical facilities that elute Mo-99/Tc-99m generators, the highest activity assayed is
typically the initial elution of a new generator, and this elution yields the highest measured
current. For a facility that purchases bulk Tc-99m pertechnetate for in-house compounding,
these bulk activities will typically produce the highest current. For facilities that use only unit
diagnostic dosages purchased from an outside source, the highest assayed diagnostic dosage
will produce the greatest current. If however, high-activity I-131 therapeutic dosages are also
administered at these facilities, these dosages, typically, will produce the highest current input.

The IEC? and the NPL!” recommend that linearity be measured over the entire range of
activity for which the calibrator will be used. ANSI'! and the IAEA' recommend that calibra-
tors be checked over the range of use starting at the highest activity administered. The IAEA'
recommends that linearity be ascertained over the range of use between the maximum activity
administered and 1 MBq. The qualification “over the range of use” was incorporated into an
earlier version of 10CFR35? regulations. The IAEA,' IEC,” and European Association for
Nuclear Medicine (EANM)*® recommend routine linearity testing on an annual basis. The
recommendations of this Task Group for range of activity and frequency of the testing are found
in the appendix.
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5.4 Problem Radionuclides

5.4.1 Low-Energy Photon Emitters

The magnitude of the low-energy peak in the response-energy curve (Figure 1) has impor-
tant assay implications. A number of commonly used radionuclides emit relatively abundant
characteristic x-rays in addition to their principal photons. The characteristic x-rays from these
radionuclides have energies that fall within the peak and potentially contribute a large compo-
nent to the ionization current. If the source container is glass, the x-rays may be highly absorbed
in the glass wall. If the container is a capsule or plastic syringe, a significant number of the
x-rays will penetrate to the sensitive volume of the chamber. As noted in section 4.2, radionuclide
calibrators whose calibrations are based upon measurements made in glass vials will assay high
when measuring these low-energy photons in capsule form or in a plastic syringe and, for cali-
brators whose calibrations are based on syringe geometry, the reverse is true.

Calibration settings designed for glass vials give increasingly inaccurate results (overesti-
mation) in less attenuating source geometries as the mean effective energy of the photon emis-
sions decreases. [-125 (not commonly used in clinical nuclear medicine) exhibits a difference
between 10% to 80% from the true activity; correction factors of 20% to 60% may be required
for 1-123 and correction factors of 15% to 30% may be required for In-111 solutions,'*°
depending on the syringe used. Other low-energy photon emitters with similar correction factor
problems include Xe-127, Xe-133, T1-201, and Yb-169.

Thus, low-energy photon sources (i.e., less than approximately 100 keV) may be assayed
incorrectly unless care is taken in the selection of the source container.'’ Significant attenuation
may occur in the container, the source holder, or the interior wall of the calibrator chamber.
Some radiopharmaceutical manufacturers provide dial settings for I-123 in capsule and syringe
configurations and In-111 in a syringe format. However, it must be assumed that small differ-
ences between the radiopharmaceutical manufacturer’s calibrator and the medical facility’s cal-
ibrator occur (even for the same model calibrator) due to manufacturing tolerances (e.g.,
chamber wall thickness), and calibration settings should be established by actual measurement.

The problem of unequal attenuation of low-energy photons (e.g., in container and chamber
walls) is minimized with a thin copper insert.*'** The copper insert (approximately 0.6 to
I mm thick) absorbs most of the low-energy photons and a smaller percentage of the higher-
energy principal photons. Using a traceable reference source, the setting for the radionuclide
can be recalibrated with the copper insert in place. Thus, measurements are relatively inde-
pendent of container and chamber wall effects for the low-energy photons. The use of a copper
insert has been recommended for use with I-123 and In-111.>* Copper inserts are commer-
cially available.

5.4.2 Beta Emitters

Sufficient activities of several clinically important beta emitters can be accurately measured
in a radionuclide calibrator using the bremsstrahlung produced as the beta particles interact with
surrounding materials. Laedermann et al.*> demonstrated that most of the first bremsstrahlung
interactions occur in the source (solution and container) followed by interactions with the cham-
ber’s aluminum wall (only significant for beta energies greater than approximately 2 MeV) and
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at energies greater than approximately 2.5 MeV, direct ionization of the chamber sensitive vol-
ume dominates and may significantly distort assay results. The sensitivity of radionuclide cali-
brators for beta particles is only a fraction of the response for photon emitters and depends
strongly upon the maximum energy of the beta particle. When measuring low-energy beta emit-
ters, the background contribution may be significant and must be subtracted. For high-energy
beta emitters direct interaction with the chamber sensitive volume may be a problem.** An
example of a low-energy beta emitter used clinically is Er-169 (E,,, = 0.35 MeV). Examples of
medium-energy beta emitters are Sr-89 (E, ., = 1.5 MeV) and P-32 (E, ., = 1.7 MeV). A beta
emitter with an E_,, greater than 2 MeV is considered a high-energy beta emitter.

Le Blanc and Johnson®” demonstrated that a reasonably accurate assay of P-32 solutions
could be made using a commercial calibrator. However, the authors cautioned that P-32 calibra-
tion is very dependent upon the equipment and materials. They emphasized the need to inde-
pendently assay P-32 solutions because of the large errors in supplier assays they had observed
and because an independent assay of each dose administered reduces the possibility of error.
ANSI'! also cautions that when measuring beta-emitting radionuclides in a radionuclide calibra-
tor, the container is extremely important and that measurements of the same radionuclide and
activity will vary greatly with container composition (e.g., glass versus plastic) and wall thick-
ness. The NRC has also addressed issues associated with the assay of pure beta emitters.>¥

Zimmer et al.*’ determined an accurate and sensitive calibration setting for P-32 that was
linear over a wide range of activity (0.43 to 4.13 mCi). They observed that the assay accuracy
was maintained within £4%, indicating that syringe-wall absorption was also not significant.
Zimmerman et al.*' and Siegel et al.*’ evaluated the accuracy of 30 commercial radionuclide
calibrators from three different manufacturers for Y-90-ibritumomab tiuxetan in 10-mL syringe
geometry from 2.2 mCi to 38 mCi over a volume range of 3 to 9 mL. They concluded that (for
this specific source geometry and activity range) only a single dial setting is required for a given
manufacturer’s radionuclide calibrator for accurate measurements and that volume correction is
not necessary. The authors recommend that commercial nuclear pharmacies establish a
Y-90—calibrated setting based on the NIST standard reference source so that each source sup-
plied to a medical facility could be used as a secondary reference standard and each medical
facility determine its own calibration setting based on the initial Y-90 activity received from the
pharmacy. Alternatively, they recommend that the medical facility calibrate their calibrators
using NIST-traceable activity source in the same syringe geometry. If available, a NIST-traceable
calibration setting should always be used. If a traceable setting is not available, a decay cor-
rected supplier’s assay may be acceptable for unit dosages in the same geometry.> However, com-
mercial nuclear pharmacies and radiopharmaceutical manufacturers should have traceable
calibrations for all the dosages they supply.

max

5.4.3 Beta-Gamma Emitters

Beta emitters with significant gamma contributions behave like gamma emitters with the
measurement efficiency mainly determined by the gamma component.*® For these beta-gamma
emitters, the beta component of the current is typically less than 1%. There are potential excep-
tions (e.g., Re-186 the efficiency is approximately 6%);* however, for most commonly used beta-
gamma emitters the bremsstrahlung contribution from beta-gamma emitters should have minimal
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effect on the accuracy of the assay. Sm-153 is a beta-gamma emitter with medium-energy betas
of 640 keV (32%), 710 keV (30%), and 810 keV (18%) and a gamma of 103 keV (30%). The
measurement efficiency is mainly determined by the gamma emission. However, due to the low
energy of the gamma, assaying Sm-153 in a syringe geometry using a calibration factor obtained
for glass-vial geometry may significantly overestimate (potentially >20%) the sample activity.

5.5 Radionuclidic Impurities

Many commonly used radiopharmaceuticals contain radionuclidic impurities that contribute
to the measured ionization current. The magnitude of the chamber response depends upon the
unwanted radionuclide(s), the percent radionuclidic impurity(ies), and the chamber response to
the impurity(ies). Since an ionization chamber cannot inherently discriminate radionuclides by
photon energy, it is difficult to adjust the assay for this contribution.

The main significance of the presence of radionuclidic impurities in radiopharmaceutical
preparations is the associated absorbed dose received by the patient. In addition to additional
absorbed dose to the patient, radionuclidic impurities may have other dose consequences, e.g.,
the presence of I-125 in the breast milk following the administration of I-123 sodium iodide.
The presence of long-lived radionuclidic impurities in radioactive waste complicates waste dis-
posal by radioactive decay. Users should be aware of the radionuclidic impurities that are pres-
ent in patient dosages and their potential significance.

5.6 Operator Errors

Radionuclide calibrators are not complex instruments. However, they do need to be set up
and operated per manufacturer’s instructions and it is essential that those individuals who use
radionuclide calibrators understand instrument operation and operating characteristics. It is the
responsibility of the licensee to assure that individuals who use the instrument are properly
trained. Quality control tests must be performed as required and appropriate action taken if a
test fails. Operators need to understand that calibration coefficients are radionuclide and geom-
etry dependent. Source holders must be used as instructed by the manufacturers and should be
placed in the chamber properly, not physically altered, and replaced when broken. Source hold-
ers from different calibrator manufacturers should not be interchanged without verifying the
accuracy of the calibration coefficients for the holder/calibrator combination.

6. Post-Assay Errors

6.1 The “Uncertainty Budget”

The error or uncertainty associated with the dosage assay is just one contributor to the
difference between the prescribed dosage and the administered dosage. The logistics and tech-
niques of dosage delivery also influence the amount of activity administered. Two potential
significant sources of uncertainty are (1) the difference between the dosage calibration time and
dosage administration time and (2) the residual activity remaining in the vial or syringe, the
needle, or other parts of the delivery system post administration. However, despite these other
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sources of uncertainty, it is important that the uncertainty associated with the accuracy of the
dosage assay not dominate the overall recommended uncertainty budget; however, the user
should be aware of these other sources of uncertainty and their potential magnitude. The stages
and typical uncertainties involved in dosage delivery are listed in Table 3.

It is interesting to note that a number of the significant sources of uncertainty result in
administered dosages that are less than the prescribed dosages. While the time to administration
(see section 6.2) may lead to administered dosages that are greater than the prescribed dosage
(i.e., for administrations at times pre-calibration); for dosages prepared in-house (versus unit

Table 3. Stages and Typical Uncertainties in Radiopharmaceutical Dosage Delivery

Source of Uncertainty Uncertainty
Prescribed Dosage
Dosage Prepared Technique/Human Error Unknown
Assayed Dosage Calibrator Accuracy +5%—-10%*
% of Prescribed Dosage +5%—-10%*
Time to Administration E.g., Tc-99m 0.2%/min
E.g., F-18 0.6%/min
Residual Activity E.g., Syringe-Needle Dead Volume (=) ~6%
‘ E.g., Adsorption to Vessel Wall (=) ~1%-30%
Administered Dosage % of Prescribed Dosage +10%*

*Recommended Maximum
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dosages obtained from commercial nuclear pharmacies), radioactive decay most often results in
less activity being administered. The errors due to residual activity (see section 6.3) result in less
activity being administered and the assay of syringe using a calibration setting obtained using
glass-vial geometry (see section 5.4.1) yields an overestimate of the activity in the syringe.

6.2 Time to Administration

For short-lived radionuclides such as Tc-99m and F-18, a small difference between the time of
dosage calibration and the time of dosage administration can introduce a significant additional error.
For Tc-99m, a 1-hour difference represents an 11% error and for F-18, 30 minutes results in a 17%
difference. For Tc-99m, it is not uncommon for dosages to be administered at times greater than
60 minutes before or after the dosage calibration time, even in a hospital-based nuclear pharmacy.**

The transition to unit dosages supplied by commercial nuclear pharmacies (versus in-house
production) presents additional logistical problems. For unit dosages supplied by a commercial
nuclear pharmacy there may be a large difference between dosage calibration time and dosage
administration time. This can result in routine over- or underdosing relative to the prescribed
dosage. It can also lead to the application of fairly broad prescribed dosage ranges. This may
make the adoption of DRLs problematic.

6.3 Residual Activity

Another potential significant source of error is the activity remaining in source containers
and/or the associated injection sets. This source of error results in less activity being delivered
than assayed. Most diagnostic radiopharmaceuticals are assayed and administered using syringes.
The syringe-needle assemblies have a dead volume in which a portion of the solution remains.
Dansereau and Methe** demonstrated that for a Tc-99m radiopharmaceutical approximately 6%
of the activity remained in the syringe-needle post injection. In addition, significant activity (30%
or greater) can adhere to the wall of the syringe barrel and activity can also remain in delivery
lines even with proper flushing. Evaluation of radiopharmaceutical retention in syringes and injec-
tion sets should be performed as a part of routine quality control. By assuring compatibility of
radiopharmaceuticals and injection devices, this source of error can be limited to a few per-
cent.* ™ Except for quantitative or semiquantitative imaging (e.g., F-18 FDG SUV" calculation),
common practice does not account for this error in diagnostic dosage administration.

Some radionuclides tend to adhere to the glass walls of vials. Baker et al.'” reported signif-
icant levels of activity (5% to 20%) adsorbed to the wall of P6 vials for commonly used radionu-
clides (TI-201, Ga-67, and In-111). Carrier-free solutions of I-131 Nal (sodium iodide) can also
adhere to glass walls and caps of containers. The error in dosage delivery can be significant
(>20%) and can result in a “medical event.”> For therapeutic dosages, the activity remaining in
the source container'' and delivery device should be measured immediately after administration
before the patient is released and adjustments made as required by the responsible physician-
authorized user. Wall adsorption can also be a problem with calibration standards, both when
assaying the standard in the source container itself and when transferring activity to another
container in order to establish new calibration factors for other source geometries.

"F-18 FDG SUV = F-18-fluoro-2-deoxy-D-glucose standard uptake value.
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7. Calibration of Radionuclide Calibrators

7.1 Calibration and Traceability

Calibration is defined as “the process of determining the numerical relationship, within an
overall stated uncertainty, between the observed output of a measurement system and the value,
based on standard sources, of the physical quantity being measured.”""' For radionuclide calibra-
tors, calibration is the process of determining the calibration coefficients or calibration settings
for each radionuclide to be assayed. Calibration coefficients recommended by the manufacturers
are presented as calibration settings for specific radionuclides; however, as noted in section 4.2,
it is the response of the chamber that is correlated with that setting and chamber response
depends upon a number of factors, including the radionuclide, the source geometry (including
source volume and container type), and the chamber geometry (source position in the chamber).
Therefore, in order to assure the correct assay of a particular radionuclide, the measurement
must be made using the calibration factor appropriate for the radionuclides in the geometry for
which the instrument was calibrated.

Traceability is defined as “the property of the result of a measurement or the value of a stan-
dard whereby it can be related to stated references, usually national or international standards,
through an unbroken chain of comparisons, all having stated uncertainties.”!” For radionuclide
calibrators, this means that calibration settings shall be traceable to national primary standards
of radioactivity.

7.2 Radioactive Standard Sources

The ANSI standard'' requires that calibrators be calibrated with identified radionuclide
sources of known activity and established purity. ANSI nomenclature and definitions for radioac-
tive standard sources from are used in this document, as follows:

1. National radioactivity standard source. A calibrated radioactive source prepared and
distributed as a standard reference material by the U.S. National Institute of Standards
and Technology.

2. Certified radioactivity standard source. A calibrated radioactive source, with stated
accuracy whose calibration is certified by the source supplier as traceable to the
National Radioactivity Measurements System.

7.3 Check and Mock Sources

7.3.1 Check Source

A solid radioactive source that is used for the determination of the long-term stability of an
ionization chamber is called a check source. The source does not have to be a standard source.
It should have a half-life greater than 5 years and the effects of any radioactive contaminants
shall be such that the indication of the device over the period of 5 years would not deviate by
more than 0.5% after decay correction for the known half-life of the principle radionuclide.”®
Cs-137 with its long half-life (30 years) or Co-60 (5.27 years) are the recommended check
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sources. A certified radioactivity standard source could serve both as a check source of long-
term stability and as a high-energy standard source for accuracy testing.

7.3.2 Mock Sources

Typically “mock” or “simulated” sources are not recommended for calibrating radionuclide
calibrators because (although the principal photon energies may be similar) chamber response
may not be the same. As noted by ANSIL,'' “simulated sources may be useful as a check source
but are not recommended for activity-calibration purposes. Such sources, which are usually a
mixture of long-lived radionuclides chosen to yield an approximation of the photon spectrum of
the radionuclide they simulate, may not yield accurate calibration data in terms of ionization
current.” This reference to a mixture of long-lived radionuclides probably refers to a source such
as “mock iodine” that was a mixture of Ba-133 and Cs-137. The mixture simulated the spec-
trum of I-131 and was used mainly with early Nal(Tl) crystal-based thyroid-uptake systems.

Mock sources used with radionuclide calibrators are typically single radionuclides and not
mixtures of radionuclides. The most commonly used radionuclides include Co-57 and Ba-133.
Their main use is as long-lived standards for accuracy testing at photon energies that are similar
to clinical radionuclides. Along with the higher energy Cs-137 or Co-60 sources, they are used
to test calibrator response over a broad energy range of the response-energy curve. However, the
use of these sources to calibrate a radionuclide calibrator for the radionuclides they mock can
lead to calibration errors. For example, using Co-57 activity to calibrate the Tc-99m setting or
(even worse) Ba-133 activity to calibrate the I-131 setting will result in significant assay errors.

A more promising approach is the direct comparison of a standard source of a longer-lived
radionuclide and a standard source of a clinical radionuclide to create a longer-lived traceable
calibration surrogate whose activity is expressed in terms of an equivalent activity of the clini-
cal radionuclide. For example, direct comparisons of Ge-68 and F-18 national standards have
allowed the Ge-68 activity in an epoxy-based mock syringe geometry to be expressed in terms
of a traceable equivalent F-18 activity with a relative combined standard uncertainty of about
0.9% in the same geometry.*’

7.4 Calibrating a Radionuclide Calibrator

7.4.1 Initial Calibration

Commercially available radionuclide calibrators are initially calibrated by the manufactur-
ers. The calibration is typically for common radionuclides in a specific geometry. The calibra-
tion provided may be traceable to national standards of radioactivity. Traceability can be
established a number of ways and the uncertainty associated with the calibration factor will
depend upon the calibration method used." For initial calibrations ANSI'' recommends that
instruments be calibrated with standard sources of each radionuclide of interest, if available and
that the geometry of the standard sources be identical to the geometry of the source to be
assayed. This approach best meets the unbroken chain requirement of traceability (section 7.1).

Typically, however, the manufacturer determines the calibration settings from a limited
range of traceable sources in a specific geometry on a master chamber or a typical production
calibrator and generates a response-energy curve (section 4.3). The response-energy curve is
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used to calculate calibration settings for additional radionuclides using simple interpolation or
Monte Carlo calculations based on knowledge of their radioactive decay schemes. This method-
ology increases the uncertainty involved in the calibration by a significant amount. These cali-
bration settings are then applied to each field instrument. Manufacturing differences between the
master chamber and the field instrument will introduce uncertainties. In the calibration process,
the manufacturers attempt to adjust for these uncertainties. The uncertainty associated with the
calibration coefficients derived using the response-energy curve and published decay schemes
ported to field instruments will be greater than for those determined by direct measurement
standard sources and the definition of traceability may not be met.

Field instruments are calibrated using a limited number of standard sources. Typically a
low-energy photon emitter (e.g., Co-57) and a high-energy photon emitter (e.g., Cs-137 or
Co-60) in identical geometry are measured and the instrument adjusted to read accurately at two
arbitrarily assigned calibration setting numbers.'" Calibration settings for other radionuclides
(previously calculated using the assigned calibration setting numbers and the detector response
for the radionuclides) are then assumed to apply.'> Other radionuclide standards may also be
used to check instrument calibration (e.g., Tc-99m).

7.4.2 Subsidiary Calibration

Calibrations that are performed in addition to those provided by the manufacturer are
referred to as subsidiary calibrations. Subsidiary calibrations should be performed to establish
the response to radiopharmaceuticals in containers and/or volumes that are different from the
containers and volumes used to calibrate the instrument. It is difficult to accurately model the
response of a radionuclide calibrator for a radionuclide in a particular geometry and a much
more dependable way to derive the calibration setting is to determine it empirically.>® National
or certified standards can be purchased and quantitatively transferred to the container geome-
tries used for routine assays.

The procedures require some skill and should only be performed at facilities that have the
necessary equipment and expertise. Specifically, performing syringe calibration in-house is very
difficult."® A procedure for performing subsidiary calibrations is found in the Measurement
Good Practice Guide No. 93'” developed by the NPL and a list of necessary equipment in IAEA
Technical Report Series No. 454.! Radiopharmaceutical suppliers that maintain their radionu-
clide calibrators as SSRC or as reference calibrators can provide medical facilities with traceable
reference sources in routine geometries for subsidiary calibration and for establishing supplier
equivalence (see section 10.3.2).

7.4.3 Recalibration

Radionuclide calibrator manufacturers recommend periodic recalibration. For example, one
manufacturer recommends that periodic (every 4 or 5 years) manufacturer recalibration of the unit
be performed to guarantee that the instrument’s high reliability is maintained. When purchasing an
instrument, the medical facility should be aware of such recommendations and the nature of the
recalibration process offered by the manufacturer.
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The ANSI standard'' recommends calibration annually, following repair, and following
extended periods of non-utilization. They recommend that calibrations be performed using stan-
dard sources of at least two radionuclides covering the energy and activity ranges of interest shall
be performed. However, this appears to be a calibration check or accuracy test and not a cali-
bration as defined above. Major repair could require the recalibration of all calibration settings,
including replacement of the electrometer and/or the ionization chamber. For some calibrators
the chamber and electrometer are matched and the electrometer is adjusted to compensate for
differences between the field instruments and the master chamber or reference radionuclide cal-
ibrators for which the calibration settings were derived

8. Responsibility for Calibration and Traceability

8.1 Radionuclide Calibrator Manufacturer

The calibrator manufacturer should assure that all chambers pass stringent conformity tests
against the master chamber or reference radionuclide calibrator to ensure the transferability of
calibration coefficients. To do this, the calibrator manufacturer needs to build calibrators with
known and controlled dimensional tolerances since calibration coefficients depend upon the
physical characteristics of the specific ionization chamber.

Ideally, manufacturers should provide traceable calibrations for common source geometries
and qualify when the calibrations may or may not be used for other geometries. However, at
present, this is not the case and the user should be aware of the qualifications placed on the use
of the calibrations provided by the manufacturers. For example, one radionuclide calibrator
manufacturer provides calibrations based on syringe geometry (i.e., a “nominal 1-mm wall
thickness”) and includes the qualification that accurate measurement of unsealed sources in any
other configuration must be with a new value. The manufacturer suggests an acceptable error of
+10%. Another manufacturer supplies calibration settings based upon the glass ampoules used
by NIST and notes that they are a good approximation to an assay of a radiopharmaceutical in a
plastic syringe but warns that the non-uniformity of the wall thickness of multi-injection dose
vials may be a potential source of error. The manufacturer provides a table with estimates of the
errors associated with syringe assays. The errors range from 2% to 15% for common clinically
used radionuclides. For high-energy pure beta emitters (e.g., P-32 and Y-90), the manufacturer
notes that the supplied calibration coefficients are for estimation only. More formal collaboration
between radionuclide calibrator manufacturers and the NIST to generate calibration settings for
common source geometries would help improve the accuracy of clinical assays.

8.2 Commercial Nuclear Pharmacy and Radiopharmaceutical Manufacturer

Commercial nuclear pharmacies and radiopharmaceutical manufacturers should calibrate
their radionuclide calibrators using national or traceable standard sources for the geometries in
which they supply their products. This is critical since the NRC allows licensees to accept
approved-supplier’s assays of unit dosages without further measurement. For a licensee that
assays unit dosages supplied by commercial suppliers, the assays should be routinely compared
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with those provided by the supplier and significant differences (see section 10.3.2, Supplier
Equivalence) resolved.

8.3 Licensee

For direct measurement, a licensee is required to possess and use instrumentation (e.g., a
radionuclide calibrator) to measure the activity of unsealed byproduct material before it is
administered to each patient or human research subject and to calibrate the instrumentation in
accordance with nationally recognized standards or the manufacturer’s instructions and retain a
record calibration.?

9. Pre-Purchase Considerations

9.1 Manufacturer’s Declaration of Performance

As noted by the IAEA,' quality control of an instrument begins with its selection. In the
United States, radionuclide calibrators are typically obtained from a limited number of calibrator
manufacturers. These manufacturers are required to obtain an FDA (510K) approval for their
calibrators.”® However, the 510K requirements appear to be satisfied differently by different
calibrator manufacturers and calibrator-operating characteristics (including calibration) may vary
significantly. It is important that the user understand the operation and calibration of his calibra-
tors before use.

This Task Group recommends that calibrator manufacturers provide the user with a decla-
ration of performance that clearly states the accuracy of their calibration coefficients, how the
coefficients were derived, and for what source geometry(ies) they may be applied. The manu-
facturer’s declaration of performance should be available for a prospective buyer to review as a
part of the selection process.

The declaration should include:

1. The traceability of calibration coefficients to national standards and the documented
evidence of traceability.

2. Whether the calibration coefficients were obtained by direct measurement with a
radioactivity standard source or calculated using a response-energy curve.

3. The expanded calibration uncertainty (at k=2 level) of the calibration coefficients for the
source geometry (container and volume) and specific source position in the chamber
used for calibration, including the uncertainty of the standard source.

4. The range of source positions in the chamber that can be used for assay within the
declared uncertainty limits.

5. The ranges of activity that can be assayed within the declared uncertainty limits.

6. The applicability of calibration coefficients to the volumes and containers being used in
practice and (if required) the availability of accurate correction factors and documenta-
tion of the additional uncertainties do they introduce.

23



AAPM REPORT NO. 181

7. For calibration coefficients obtained using a response-energy curve, the reference to the
decay schemes used.

8. How the calibration coefficients are transported from the master or reference chamber
to the production calibrator, including the process and the sources used.

9. The effect of manufacturer-supplied chamber shielding on the calibration coefficients.

9.2 Manufacturer’s Recommended Quality Control Program

The FDA™ requires a manufacturer to reference NRC requirements for routine calibration.
As a result, several manufacturers’ recommended quality control programs appear to be modi-
fied versions of dated NRC regulations and guidance. However, NRC regulations require
licensees to calibrate the instrumentation in accordance with the manufacturer’s instructions;
thus, creating a circular reference. Licensees can also elect to follow a nationally recognized
standard; however, no practical standard is available (at present).

The recommended quality programs from different manufacturers vary and although some
variations are expected due to proprietary differences, the programs should be fundamentally
the same. They should have at their core a set of performance tests and frequency of testing that
reflect a current nationally recognized standard of practice. Tests in addition to the core tests that
are recommended by the manufacturer for a specific model radionuclide calibrator should also
be performed at the frequency suggested by the manufacturer. The manufacturer’s recom-
mended quality control program should be available for the prospective buyer to review as a part
of the selection process. The manufacturer should be compliant with ISO 9000.°!

10. Quality Assurance of Radionuclide Calibrators

10.1 Radionuclide Calibrator Installation, Operation, and Maintenance

For calibrator installation, operation, and maintenance, the manufacturer’s operating man-
ual shall be followed. Only authorized personnel shall operate the calibrator, and up-to-date
instructions on the operation and maintenance of equipment shall be readily available for refer-
ence and use. Environmental requirements typically dictate that a radionuclide calibrator be
placed on a solid, vibration-free base and operated at a relatively constant temperature and
humidity (as recommended by the manufacturer). Direct sunlight, proximity to a room heater or
air conditioner, and excessive humidity should also be avoided. In addition, the area should not
be affected by high-activity sources. Additional shielding may be required for background reduc-
tion and/or personnel exposure reduction. Sterility requirements may also be a concern and the
facility must aim at maintaining biological sterility and a dust-free environment.'!'!!”

Radionuclide calibrators may be located within a primary engineering control (PEC) (e.g.,
laminar airflow workbenches or other similar clean air—producing device) to facilitate the com-
pounding of sterile radiopharmaceutical preparations. All surfaces within the PEC, including
those of the radionuclide calibrator, which are intimate to the aseptic processing area, require
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frequent cleaning and disinfection. PEC surfaces are typically stainless steel and can thus easily
withstand frequent cleaning and disinfection with a variety of agents. However, extreme caution
must be employed to avoid damaging the radionuclide calibrator chamber and readout unit(s)
when using cleaning and disinfection agents. Personnel should refer to the operation manual for
guidance on proper safe cleaning. Typical cleaning instructions include warnings to avoid (1)
getting water or liquids inside the chamber or readout enclosure, (2) use of aerosol dispensers to
spray the equipment with cleaning and disinfection solutions or liquids, and (3) damaging the
case or display screen by use of aromatic hydrocarbons, chlorinated solvents, or methanol-based
cleaning solutions.

Generally, when the radionuclide calibrator chamber or readout unit(s) require cleaning, a
sterile clean-room wipe cloth dampened with sterile water is best utilized. The surfaces of cham-
ber plastic liners and plastic dippers are intimate to the aseptic processing area and thus must be
cleaned and disinfected by appropriate means, such as a wiping with a sterile 70% isopropyl
alcohol-dampened wipe cloth. Readout units may also be protected with plastic covers that can
be disinfected frequently with sterile 70% isopropyl alcohol wipes.

10.2 Acceptance Testing

The IAEA' notes that the most critical step towards quality maintenance is carrying out
acceptance tests independent of the manufacturer. They recommend that after installation
acceptance tests be conducted to verify that the equipment conforms to the technical specifica-
tions certified by the manufacturer. In addition, they recommend that (ideally) a qualified expert
define the technical specifications and carry out the acceptance testing of the equipment. The
International Commission on Radiological Protection (ICRP)’ defines acceptance test as a “test
carried out at the request and with the participation of the user or his representative to ascertain
by determination of proper performance parameters that the instrument meets the specifications
claimed by the vendor” and recommends that an acceptance test be carried out at the time of
installation and when appropriate after major service.

In addition to ascertaining that the radionuclide calibrator meets vendor specifications, test
or reference data are obtained at acceptance testing and used for comparison with future routine
tests." The most thorough assessment of calibrator performance occurs at acceptance testing.
Routine performance testing (see section 10.3) includes most of the same measurements. At
acceptance testing or before first use, calibration settings for radionuclides in source geometries
other than those provided by the calibrator manufacturers must be determined if the potential
assay uncertainty is unacceptable (greater than 5%'). To do this for every syringe/vial size and
volume is a daunting task but may only be required for a limited number of problem radionu-
clides (see section 5.3). Radiopharmaceutical manufacturers and commercial nuclear pharma-
cies should be required to provide dosages whose assays are accurate within £5%. These
dosages can be used to calibrate facility calibrators for the respective source geometries. At
acceptance testing or before first use, those individuals who will use the radionuclide calibrator
should be instructed in calibrator operation, maintenance, and quality control as appropriate.
Instruction should include reading and comprehending the manufacturer’s operating manual.
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10.3 Routine Performance Tests

10.3.1 Routine Tests

Routine tests are repeated at specific intervals, to establish and document changes from the
initial performance of the radionuclide calibrator established at acceptance testing. The overall
objective of performance testing is to assure the continued accuracy of the dosage assays. The
tests recommended in this document are based upon other published recommendations (mainly
references 1, 11, 17, and 28) and are as follows:

 Physical Inspection

» System Electronics

* Clock Accuracy

» High Voltage

o Zero Adjust

» Background Response/Contamination Check

» Check Source (Constancy and Relative Response)
» Accuracy Test

» Reproducibility (Precision)

» System Linearity

» Supplier Equivalence

10.3.2 Test Descriptions

Physical Inspection

Check the calibrator and source holders for damage. Damaged source holders should be
repaired or replaced. Check the display screen for proper operation and the console for key-
pad damage or damage to or malfunction of any pushbuttons/switches/dials. Check to
assure that the chamber liner is in place and that small items (e.g., needle caps) have not
fallen into the well.

System Electronics

Test the system electronics using the manufacturer-provided diagnostic testing (if applicable)
and compare the results with the manufacturer’s tolerances in accordance with the instruc-
tions in the operator’s manual.

Clock Accuracy

For radionuclide calibrators that incorporate a clock, check the accuracy of the stored time.
The time should be synchronized to a standard time (e.g., to values transmitted to cellular
telephones or those maintained by NIST (www.time.gov). The time should be accurate to
within 1 minute." Accurate time measurements are essential when working with radionu-
clides that have short half-lives and/or for quantitative or semiquantitative imaging. The

26



SELECTION, USE, CALIBRATION, AND QA OF RADIONUCLIDE CALIBRATORS IN NUCLEAR MEDICINE

clock will require updates to account for Daylight Savings Time (if observed). Clock accu-
racy should be checked following power outages or when investigating aberrant readings.
Involved staff should be immediately informed of any clock adjustment to help minimize
potential uncertainties in administered dosages. Other facility clocks referenced during
dosage administration should be synchronized with the radionuclide calibrator clock.
Calibrator clock adjustments should be performed in accordance with the instructions in the
operator’s manual.

High Voltage
Test the high voltage and compare the result with the manufacturer’s tolerances in accor-
dance with the instructions in the operator’s manual.

Zero Adjust
The zero should be tested/adjusted each day-of-use prior to first use and compared with the
manufacturer’s tolerance in accordance with the instructions in the operator’s manual.

Background Response/Contamination Check

Background may be caused by external radiation fields, chamber/dipper/liner contamination
or by electronic noise. Most radionuclide calibrators are supplied with lead chamber shield-
ing; however, for facilities that offer I-131 therapies and/or PET imaging, additional shielding
may be required to further reduce external radiation to the chamber and/or exposure to the
staff. Storage of inadequately shielded radioactive sources (e.g., Cs-137 or Co-60 radionu-
clide calibrator test sources, PET dosages or PET waste, or other high-energy photon emit-
ters) in close proximity to the chamber may result in an unacceptably high background. For
calibrators that have a background adjust function that automatically corrects for back-
ground, correction errors can result if the background changes between measurements.

The magnitude of the background should be established at acceptance testing and
measured each day-of-use prior to first use and checked at each use. The measurement
should be taken with no radioactive source in the chamber and on the most common
radionuclide setting with the source holder and contamination shield in place. Any increase
in the background above the normal value should be investigated. For calibrators that have
a background adjust function, background should be within the allowed range of adjustment.
Routine performance tests should be corrected for significant background contribution.

Check Source (Constancy and Relative Instrument Response)

Routinely measuring a long half-life check source (or standard source) allows the user to
demonstrate the constancy of the calibrator’s response (e.g., electrometer stability or gas
pressure changes) over time. The measurements are taken (following the above daily tests)
with a long half-life solid check source in the source holder in the measurement position.
The measurements are compared to the initial measurements performed at acceptance test-
ing and the results kept for the life of the chamber. The source should be measured on its
own setting (e.g., Cs-137 on Cs-137 or Co-60 on Co-60). Using the same procedure, the
source is also assayed on all commonly used settings (e.g., Cs-137 on Tc-99m, Cs-137 on
I-131, Cs-137 on F-18, etc.). This is referred to a “relative response test”' and is a measure
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of the constancy of the calibrator response for commonly used settings. If a standard source
is used rather than a test source, the measurement obtained on the setting for the source
radionuclide can also serve an accuracy test.

Measurements should be within £5% of the decay-corrected initial values. For second-
ary standard radionuclide calibrators and reference radionuclide calibrators, measurements
should be within +2%. The measurements should be recorded and available for regulatory
review.

Accuracy Test

Measurements are taken with the reference source in the source holder in the measurement
position following the recommended daily tests. Source activity should be greater than 100 uCi
(3.7 x 10° Bq).'! In practice, accuracy testing involves testing with one or more traceable
standards. The standards are typically in a solid plastic matrix in a vial format and include
Co-57, Ba-133, Cs-137, and Co-60. The geometry of these standards is typically not iden-
tical to that of the standard sources used by the manufacturer to calibrate their systems
(although at least one calibrator manufacturer calibrates their systems for these specific
sources and source geometries in addition to their main calibration geometry).

This test is not a calibration; it is a test of system stability. Historically (in the United
States), it involved measuring one to three traceable long-lived standards (typically, Co-57,
Ba-133, and Cs-137) whose energies ranged over the linear portion of the response-energy
curve. It was assumed that if the standards continued to measure accurately, the radionu-
clide calibrator was measuring correctly at all settings. Ideally, the test should use standards
of radionuclides that are employed by the radionuclide calibrator manufacturer to set the
system when transporting calibration settings to production models (e.g., Co-57 and Cs-137
or Co-57 and Co-60). Ascertaining, which radionuclides were used by the manufacturer
should be part of the purchase process. The use of one source (e.g., Cs-137) in combination
with the routine “relative response tests” should be sufficient for most medical facilities. For
more complex programs, instrument stability should also be checked annually with at least
two traceable reference sources and the radionuclides used should vary from year to year."!”

Measurements of the long-lived standards and the two traceable reference sources
should be within £5% of the decay-corrected initial values. Secondary standard radionu-
clide calibrators and reference radionuclide calibrators should be within +2%."!” The meas-
urements should be recorded and available for regulatory review.

Reproducibility (Precision)

Reproducibility is a measure of the percentage deviation of a series of measurements from
the sample mean. For this test, a series of 10 consecutive measurements are obtained using
a long-lived test source of greater than 100 pCi (3.7 x 10° Bq) with the test source in the
source holder in the measurement position following the check source test.

Measurements should be within £1% of the average measured activity for that source,
assuming decay corrections over the measurement period are not required."'"!” For
secondary standard radionuclide calibrators and reference radionuclide calibrators, meas-
urements should be within +0.5%.'” The measurements should be recorded and available
for regulatory review.
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System Linearity

As noted above (section 5.3), a calibrator is considered linear if the ratio of the measured
response to the predicted response remains constant over the range of current inputs. The
decaying source method, the shield method, and the graded source method'” may be used
to determine linearity. The graded source method involves manipulation and accurate meas-
urement of stock solution aliquots and is not recommended for most facilities. The decaying
source and shield method are addressed in the appendix. The decaying source method is
recommended for secondary standard radionuclide calibrators and reference radionuclide
calibrators. For field instruments, the decaying source method should be used at acceptance
testing and following repair. The shield method should be sufficient for annual testing or the
facility can perform the decaying source method.

Measurements are taken following the daily tests. The decaying source measurements
are taken with the source in the source holder in the measurement position. The graded
shielding measurements are taken per the shield manufacturer’s instructions. At acceptance
testing and following repair, measurements should be taken using the decaying source
method from the highest activity (highest current) measured down to approximately 1 MBq.
Annually, measurements should be taken between the maximum activity administered and
1 MBq over the range of use.

Measurements should be within £5% of the expected values. For secondary standard
radionuclide calibrators and reference radionuclide calibrators, linearity testing should be
performed quarterly using the decaying source method and the measurements should be
within £2%.' For the shield method, the shields should be calibrated on a radionuclide cal-
ibrator whose linearity using the decaying source method is within +5%. The measurements
should be recorded and available for regulatory review.

Supplier Equivalence

It is recommended that medical facilities compare their assays to the assays (decay cor-
rected) provided by the radiopharmaceutical suppliers. Equivalence should be determined at
acceptance or first use and at least annually thereafter. For medical facilities that routinely
order unit-dosages of short-lived radionuclides from local nuclear pharmacies, assay differ-
ences are often automatically assumed to be due to decay and are not investigated. However,
differences may be due to other causes, including significant differences in calibration coef-
ficients. Once equivalence has been established, facilities should compare assays (decay cor-
rected) annually. Differences greater than £10% should be investigated for cause. When
initially establishing equivalence, assay differences should be less that £5% and, if greater,
the reason for the differences should be determined and corrected.

10.3.3 Manufacturer-Recommended Tests

Radionuclide calibrators should be operated in accordance with the manufacturer’s instruc-
tions. If the manufacturer recommends tests in addition to those recommended above, they
should be performed at the frequency recommended by the manufacturer. These additional tests
are normally limited to tests of the electronic circuitry and other tests that are specific to their
systems. As part of the purchase process, the manufacturer should be asked to document those
routine tests that are in addition to the above-recommended tests.
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10.4 Recommended Quality Control Programs

10.4.1 Test Frequencies

Acceptance® Daily” Annually

Physical Inspection X X X
System Electronic
Clock Accuracy
High Voltage
Zero Adjustment
Background
Check Source

XXX ) X X

Accuracy Test
Reproducibility

System Linearity

MR X X X X X X XX
o T TR R R B S I ST B

Supplier Equivalence

* And after repair.

® At the beginning of each day-of-use. Note: The term “day-of-use” may lead to some confusion for facilities that offer
after-hour services. For purposes of radionuclide calibrator quality control, “day-of-use”” means a normal 24-hour day
starting at 12:00 a.m.

10.4.2 Commercial Nuclear Pharmacies (Including Manufacturers)

As noted above (section 2.3.1), the NRC allows dosage activity to be determined without
measurement, based upon measurements provided by approved suppliers. This Task Group
recommends that radiopharmaceutical manufacturers and nuclear pharmacies maintain their cal-
ibrators as secondary standard radionuclide calibrators or as reference calibrators with calibra-
tion settings for all source geometries that they dispense. Medical facilities could use reference
standards provided by these suppliers to calibrate their radionuclide calibrators.

The user should be notified when dosages purchased from a local nuclear pharmacy have
not been assayed by that pharmacy and are a “pass through” from the manufacturer. In that case,
the local nuclear pharmacy may not have the correct calibration settings available on its radionu-
clide calibrator and the user may have to obtain calibration information from the radiopharma-
ceutical manufacturer.

10.5 Personnel Requirements

Facility management should establish (in writing) the qualifications and training require-
ments (including continuing education) necessary for those personnel who operate a radionu-
clide calibrator. Management should also identify (in writing) those specific individuals who are
authorized to operate the calibrator as well as those individuals responsible for developing,
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implementing, testing, and monitoring (including taking action to correct nonconformities) the
radionuclide calibrator quality assurance program. Ideally, the quality assurance program should
be the responsibility of a qualified medical physicist®® or a qualified medical health physicist
experienced in the use, calibration, and quality control of radionuclide calibrators.

10.6 Corrective Action

Any calibrator damage observed upon physical inspection that affects assay accuracy shall
be repaired. Damaged source holders should be repaired or replaced. Holders from different
manufacturers shall not be interchanged unless there is documentation that demonstrates equiv-
alent assay accuracy. If the calibrator exhibits erratic performance, or the quality control tests
fall outside of manufacturer’s tolerances or acceptable percentage measurement limits, the
instruments shall be recalibrated, or repaired and recalibrated as necessary.''

10.7 Documentation

Sufficient records need to be maintained to demonstrate proper calibrator operation, includ-
ing, personnel training and competence testing, and adherence to the quality assurance program
described in the section. The details of any calibrator maintenance or repair should also be
recorded.
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Acronyms and Abbreviations

AAPM American Association of Physicists in Medicine
ANSI American National Standards Institute

Bq Becquerel

CFR Code of Federal Regulations

Ci Curie

DRL Diagnostic Reference Level

EANM European Association of Nuclear Medicine
fA Femtoampere

FDA Food and Drug Administration

FDG Fluoro-2-deoxy-D-glucose

GBq Gigabecquerel

HV High Voltage

IAEA International Atomic Energy Agency
ICRP International Commission on Radiological Protection
IEC International Electrotechnical Commission
IND Investigational New Drug

keV kiloelectronvolt

LNHB Laboratoire National Henri Becquerel

mA Microampere

MBq/g Megabecquerel per gram

mCi Millicurie

MeV Megaelectronvolt

mL Milliliter

mm Millimeter

32



SELECTION, USE, CALIBRATION, AND QA OF RADIONUCLIDE CALIBRATORS IN NUCLEAR MEDICINE

NCRP
NIST
NPL
NRC
pA/g
PEC
PET
PTB
QA
RDRC

SRM
SSRC
SUV
USP-NF

National Council on Radiation Protection and Measurements
National Institute of Standards and Technology
National Physical Laboratory

Nuclear Regulatory Commission

Picoampere per gram

Primary engineering control

Positron Emission Tomography

Physikalisch — Technische Bundesanstalt
Quality assurance

Radioactive Drug Research Committee
Reference Radionuclide Calibrator

Standard References Materials

Secondary Standard Radionuclide Calibrator
Standardized Uptake Value

United States Pharmacopeia - National Formulary
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Appendix

Linearity Testing Protocols

Protocols for the decaying source method and the graded shield method are found in the
IAEA Technical Report Series No. 454, Quality Assurance for Radioactivity Measurements in
Nuclear Medicine.! A protocol for a decaying source method using Tc-99m is also found in the
NPL Measurement Good Practice Guide No. 93, Protocol for Establishing and Maintaining the
Calibration of Medical Radionuclide Calibrators and their Quality Control.'” Both documents
are available on-line free of charge at http://www.npl.co.uk/publications (keyword “radionuclide
calibrator”) and http://www.iaea.org/Publications (under technical report series). Linearity test-
ing programs are also incorporated into commercially available software for nuclear medicine
and nuclear pharmacy management, quality control, and record keeping.

The following are supplementary recommendations:

1. For the Decaying Source Method and Facilities with M0-99/Tc-99m Generators:
At acceptance testing and following repair:
Acquire a Tc-99m generator with an activity as large as will be used in the facility.

Elute the generator and assay the initial elution. Record the assay and the time of
day at the start to the nearest minute

Assay the elution at least once every 2 hours (work-hours)—down to 1 MBq.
Record the time of day to the nearest minute—use the same clock.
For annual testing:

Use an activity as large as the largest patient dosage measured on the radionuclide
calibrator.”

Assay the elution at least once every 2 hours (work-hours)—down to 1 MBq over
the range of use (minimum 1 MBq).

Record the time of day to the nearest minute—use the same clock.
For unit dosages/bulk dosages:
At acceptance testing and following repair:

Assay an activity as large as the largest dosage measured on the radionuclide
calibrator.”

TIf I-131 therapy dosages are the largest patient dosages measured, use an activity of Tc-99m that is approximately
3 times the I-131 dosage.
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Assay the elution at least once every 2 hours (work-hours)—down to 1 MBq.
Record the time of day to the nearest minute—use the same clock.

For annual testing:
Assay an activity as large as the largest patient dosage measured on the calibrator.

Assay the elution at least once every 2 hours (work-hours)—down to 1 MBq
over the range of use.

Record the time of day to nearest minute—use the same clock.
2. For the Decaying Source Method and Facilities with F-18:
For unit dosage/bulk dosages:

At acceptance testing and following repair:
Assay an activity as large as the largest F-18 dosage measured on the calibrator.
Assay at least once every 30 minutes—down to 1 MBgq.
Record the time of day at start to nearest 15 seconds—use the same clock.

For annual testing:

Use an activity as large as the largest patient dosage measured on the radionu-
clide calibrator.

Assay at least once every 30 minutes—down to 1 MBq over the range of use.
Record time of day at start to nearest 15 seconds—use the same clock.
3. For the Shield Method:

This Task Group recommends that the shield method be performed with Tc-99m using
commercially available graded shields designed for Tc-99m. The shields must first be
calibrated over the activity range of interest following the manufacturers protocol. The
shields should be calibrated using a radionuclide calibrator that has demonstrated lin-
earity within £5% using the decay method. Measurements should be completed within
6 minutes to keep the error introduced by decay approximately 1%. If the shields are
properly calibrated (and the calibration documented) for the specific photon energy of
interest, the shield method may also be used with higher-energy photon emitters.
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