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EXECUTIVE SUMMARY

This report is intended as an informational resource and guide for the U 8 Nuclear Regulatory
Commission (NRC) and NRC licensees on quality assurance related 1o the use of radiolabeled
antibodies (RABs) in patient s, Instrumentation components of quality sasurance prograuns are
addressed, and rewsted 1o the peculiarities of RABs. The Lmplications of using dose calibrators
to quantify RAB dosagws are smphasized because thsse | struments are often the only
instruments used in clinfos to quantify the dosages administered 1o patients

The levels of activity used for lmaging or therapy are sufficlently high that even when the
relative abundance of photons per disintegration of & radionuclide is low, there are still
sufficient photons to enable them to be detected and measured in & dose calibrator. Also,
bremsstrahlung from pure beta-emitiers is detected saally from clinloal dosages However, for
these radistions, careful attention must be given to goemetry and calibration of the dose
oalibrator.

Producers and users of RABs must have the equipment necessary to detect and measure the
radiations emitted by the radioactive material at all levels of concern. Messurementa are
required that discriminate between the types and energies of radistion, and quantify the
dosage before it {s administered to & patient. Alpha-, beta, or gamma radiation spectrometry
is necessary to identify and gquantify the radioactivity in RABs because contaminants can be
present, depending on the method by which the radlonuciio. was produced. Produosrs of RABRs
should use spectormetry equipment in thelr quality assurance programs However, such
equipment is impractioal in a clinioal setting. In many situations, the user must rely on
specifioations and calibrstions provided by the producer. Producers include organizations and
individuals who prepare anw/or label RABs. It is easential that they have in place the quality
control and quality assurance procedures to assure that the specified RAB, in the specified
form and quantity, is delivered to the user.

Quality control measurements made just before n RAB (s administered o & patient must be fast
and socurate so they do not delay a.tention to the patient, and unnecessarily increase the cost
of healtheare. In scme instances, it s lmpossible 1o be fast and accurate because of the
complexity of quantifying the dosage. In such Instances, the user must rely on the producer's
~4libration. Consequently, producers bear & special responsibility to supply reliable
calibrations with their products.

Quality control procedures also must be expeditious when radionuclides with short half-lives
are used. In many cases, |t may be necessary to administer a RAB to a patient before final
quality control measurements are performed Under such olroumstances, RAB quality depends
on good manufacturing practices (us defined by the US Food and Drug Administration),
process control, rapid quality control procedures, and, in some cases, retrospective testing
(e.g.. for sterility and apyrogenicity) for RABs that have a history of satisfactory use.
Administrations of new RABs require confirmation of the radiological, blological, chemical, and
pharmaceutioal quality before the RAB is admir ‘stered to a patient. Such practices rely on a
well-qualified and trained staff

Those responsible for the preprration and administration of the prescribed dosage to the
patient must be trained and skilled in quality assurance procedures. One person (no matter
how competant) cannot do all the, must be done. A team approach is required. The medical
director, medical physicist, and radiopharmacist (or radiochemist) have quality control and
quality assurance responsibilities. The medioal director is responsible for the overall quality
of care provided to patients. The medical physicist is responsible tor radiation safety and

ix
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INTRODUCTION
Peculiarities of Radiolabeled Antibodies (RAHs)

The use of radiolabeled antibodies (RABs) poses new lssues
and the peopie most affected by them have been di
19891)

in radiation safety These lnsues
ussed (o detall elsewhere (Barber, et

In the current report, instrumentation, measurement, and monitoring requirements for

A

producers, pharmacists, and users of RABs are emmphasized. Als

what action should be considered than why that action is necessary. The intent is t

emphasis is placed

'

for nnel and Ucensees

the usefulness of this report for NRC pers

A summary of some of the characteriatics of radionuclides being used to label RABs Is glven

in Table 1.1. Example diseases being d~tected by lmaging procedures and treated with RABs

and the dosages that have been used ase given in Table

Table 1.1

Characteristioa of some radionuciides used for labeling antibodies
(Adapted from Barber, of al , 1991)

Exposure rate constant

R em® md

Excluding photons < 20 keV
Not a byproduct m~terial
Based on the exposure rate fr
Stabin, 1991

Coursey, et al., 1891

e approximation in




Table 1.2 Examples of the radionuclides and dosages used In RABs in olinjosl trizie
(Adapted from Barber, ot al., 1991)

Radlonuclide Dosage, mO1*
Disease or Imaging Therapy lmaging Therapy
Condition
Blood clot To-98m 20
Breast cancer 1131 1-181 10 5o x 3°
Colon cancer 1-125 181 2 253
I-131 Re-1886 10 380
In-111 Y-80 L 20
Te-90m 16 -
30
Hematologic 1-131 1-181 10 80 x 10
B-oell In-111 5 10 + 10 + 18
lymphomas
Hepatoma Y-20 30
1181 50
Hodgkins In-111 Y-90 3-8 30
I-131 50
Leukemia 1-181 I-131 10 30 x w°
Lung cancer Tec-98m I-131 16 - 30 20
Re-188 aso0
Myocardial
Infarction In-111 2
Ovarian cancer In-111¢ Re-186 5 220
I-181 2006
Y-00 16
a. Multiply by 37 to obtain MBgq.
b. Three administrations of 50 mCi (1850 MBq) esach.
¢. Ten administratiuns of 30 mCi (1110 MBq) each. Dosages up to 633 mCi (23.4 GBq) have

been administered.
d. Sequential dosages.

Although somes RABs are labeled with common radionuclides (e.g.. To-99m and 1-131), there
are several issues of radiological quality assurance that are attributable to differences between
RABs and more common gamma-emitiing radiopharmaceuticals. The issues are related to the
following points:

1. Some RABs are labeled with radionuclides that are not commonly used in nuclear
medicine, especially beta-emitters such as Y-80. The use of beta-emittors to label RABs
may increase.



2. Dose oal'brators are designed to detect gamma rays, and are not usually oalibrated for
differant types of radiation nor for broad spectrum radistic.. Their suitability for

quantifying dosages of alpha- and beta-emitting RABs requires examination.

8. High energy beta-emitters, such as Y-80, require special attention to personnel
dosimetry. especially monitoring of the skin of the hands.

4. The prospect of using alpha-emitters in RABs for radiation therapv is new.

5. Some therapeutic protocols with RABs involve significantly higher levels of activity
than those commonly used.

8. Different methods of adeinistering RABs can require different radistion safety
procedures. The methods of administering RABs to patientsa iniroduce new opportuni-
tles for the occoupational exposure of staff

7. Differsnt types and energies of radiations require different types of instruments and
calibration procedures to scourately quantify the activity.

8. The different pharmacokinetic behavior of RABs raises questions concerning the
appropriateness of existing confinement limits used to determine when a patient may
be released from hospitalization.

1.2 Objectives of this Work

The differences betwsen RABs and common sdiopharmaceuticals has ralsed questions about
the applicability of radistion safety procedures used with the latter. The objective of this
report is to examine the implications of these differences from a regulatory viewpoint to
determine if additional regulatory action (related especially to measurement and monitoring).
and new quality assurance procedures should be considered in the Interests of health and
safety. This report is intended to answer the question, "What radiation safety and quality
assurance procedures, unique to RABs, require consideration before a licensee should be
permitted to use RABs for diagnosis and/or therapy?”

1.3 Points of Control

Beveral points in the history of an antibody and a radionuclide provide opportunities for
quality assurance and oontrol:

1. production, purification, and reconstitution of the antibody or radionuclide,
2. radiolabeling the aniibody,

3. shipping and receiving the radionuclide, antibody, or RAB.

4. preparation of the RAB dosage for administration to a patient,

5. administering the RAB to the patient, and

8. ocontrol after administration to a patient, either as an inpatieni or an outpatient.
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radiopharmaceutical (Pfeiffer, 1984). Careful technique, attention to detall, and regular
calibration of the analytical procedures with appropriate standards helps to avold such pitfalls.

In clinical situations, quality assurance measurements must be made on the final product
because of the small quantity of RAB avallable. Few aliquots can be taken and disoarded afte
testing because of the low avallability and high cost of the RABs. Furtber, quality assurance
based on aliquots introduces a greater opportunity for error in the final dosage administered
to the patient. Optimally, the identity and activity of the radionuclide should be determined
without taking separste aliquots for testing. This requires tho dosage to be measured in the
vial or syringe from which it will be administered.

Quality assurance tests on & dosage must be completed (n a short time in the clinical setting.
Thie is especially important when radionuclides with short half-lives are used. In many cases,
it may be necessary to administer the RAB to the patlent before making final quality control
measurements (Vera-Ruiz et al., 1990). Otherwise, it may be necessary to begin work with
high levels of activity to allow for decay during the evaluation, and patients may have to walit
for an unnecessarily long time. RAB quality depends on good production practices, process
control, rapid quality control procedures, and, in some cases, retrospective testing (e.g., for
sterility and apyrogenicity). Retrospective testing also may be necessary when RABs are
labeled just pefore being administered to the patient.

Visual inspection of the physical appearance of the RAB and {ts expiration date is important
because some RABs have short shelf-lives. When the material is not as clear as it should be or
if clumps occur, the dosage should not be administered.

2. INSTRUMENTS
2.1 General Comuments

Quality control begins with the selection and performance testing of instrumentation
Acceptance tests ensure that instrument specifications are met, and the resulis serve as
references for comparisons with the future performance of the instrument (Shields, 1988).
Reference tests fall into two categories: operational testa to be undertaken each time the
instrument is used, and periodic measurements of performance depending upon the anticipated
reliability of the instrument.

Quality control procedures in the clinic must be accompl: ed in a reasonable time so they do
not unduly delay attertion being given to the patient, cause repetition of dosages, and
unnecessarily increase the cost of healthcare. Instruments should be calibrated and tested
before diagnosis or treatment of the patient. Calibration checks should be performed at the
beginning of each 24 hours in which patients are to be diagnosed or treated (see 10 CFR 35 5).

Instruments should be examined visually to see that everything is in ord r. The performance
of each instrument then should be checked against {ts initial performance. If the response of
dose calibrators and spectrometers is not within 1+ 5% \see Regulatory Guide 10.8, Appendix
C, 1987) of the initial response, the reason for the inconsistency should be determined and the
instrument should be re<checked, re-calibrated, or repaired until the instrument is operating
properly and its calibration is confirmed.

The requirements for measuring and monitoring radiation for RABs labeled with
photon-emitters are similar to the current requirements for common radicpharmaceuticals



because the detection and measurement of x rays, bremsstrahlung, or gamua rays has little
to do with whether or not a radiopharmaceutical is a RAB. However, If alpha-emitters are used
(those currantly being considered are not byproduct materials), alpha-detectors must be added
to the instrument inventories for producers and users of RABs. Producers and users also
should be aware of additional concerns and difficulties with the use of radlonuclides that amit
predominantly alpha or beta particles. The newest concerns are related to the use of the
byproduct materials Y-90, Re 188, Re-188, and high levels of 1-131.

The minimum requirements for instruments in quality assurance programs related to RABs
depend on whether they will be used in a clinic, pharmacy, or manufacturing facility. The
appropriateness of the instrument also depends on the amount of activity and the type of
radiation to be measured, and the intended purpose of the results. Further, the appropriate
instrumentation and procedures depend on the particular concerns about quality assurance.
For example, alpha- and beta-emitters at activity levels commonly used for radiopharmaceutical
dosages can be detected and measured with gamma-ray detecting instruments because of the
bremsstirahlung associated with beta-particle emitters, and the characteristic x or ganma rays
emitted by some alpha-emitters. Exceptional care must be taken in calibrating dose calibrators
if the dosages are to be based on bremsstrahlung measurements or the measurement of low
energy photons. If surface contamination is to be controlled, and air contamination monitored,
the alpha particles and beta particles must be detected directly because the relative abundance
of gamma rays, x rays, and bremsstrahlung is too low to detect them at low levels of activity.

Radiation spectrometry should be used to identify and quantify the radicactivity in a
radiopharmaceutical bacause contaminants can be present depending on the method used to
produce the radioactive label. Analyses can be perfoermed by the producer, the pharmacy, the
radiation safety officer, radiclogical physicist, or the nuclear medicine technologist in the
clinic. Regardless of where the analyses are performed, a measurement of the product after
it is finaliy packaged is required to assure that the proper dosage is administered to the
patient.

2.2 Practical Considerations

It is unrealistic to expect individual clinics or individuals to have spectrometric equipment
avallable for the routine identification and calibration of RABs. In many situations users must
rely on specifications and calibrations provided by producers. Therefore, it is essential that
producers of RABs use quality vontrol and quality assurance procedures that assure that the
RAB, in the specified form and quantity, ic delivered to the user. Producers of RAEs have more
guality assurance opticns avalilable than are possible in the clinical setting. The instrumenta
avallable for calibrating dosages iu clinics are likely t be doee calibrators and well-type Nal
scintillrtion counters.

23 Alpha-detectors

Alpha-emitters being investigated for labeling RABs also emit gamnma- or x rays in low
abundance. However, dose calibrators cun detect such radionuclides, as shown by the
incorporation of points for Am-241 in calibration data (Suzuki et al., 1978). A dose calibrator
ran be used to measure dosages of alpha-emitiers just before adminisiration to patients,
provided it is properly calibrated and sufficient gamma-rays are emitted.

One producer of alpha-emitters uses & gamma-ray spectrometer to quantify the activity of
alpha-emitters based on known decay schemes and the measurement of associated gamma rays



(Atcher, 1891). Liquid scintillation spectrometers also could be used to messure alpha-activity
in RABs, but there are problems with this method (see section 4.1).

Alpha particle spectrometry is possible with detectors composed of silic n drifted with lithium
(8il1) detectors. However, the sample must be metioulously prepar. d., An aliquot of the
pharmaceutical would have to be prepared in the form of an infinitely thin laysr (probably
electroplated) that would iolerate the vacuum required for alpha-spectrometry Further, SiLi
detectors require stable temperatures if reproducible results are to be obta.ned (DOE, 1980).
Although alpha-spectrometry is lmpractical in the clinical setting, It couid be used by
producers.

The low relative abundance of photon emissions from alpha- emitters makes it unilkely that
the photons will be detectable at leveln of activity of conocern in cocupational exposure control
(e.g., for monitoring air or sarface contamination). Therefore, the instrument of cholce is &
portable, large area, alpha-scintiliator (e.g., a 4-inch diameter Zn8 scintillation p cle attached
to a portable rate meter or scaler). Such an instrument can detect surface contamination on
| laboratory surfaces, on filters used to collect air samples, and on wipe samples from surfaces.

ZnS scintillation detectors are efficient detectors of alpha emitters and they have low

backgrounds without shielding. Portable, commercial detectors are avallable at modest cost.

Users and producers of RABs iabeled with alpha-emitters should have at least one of these

detectors for environmental monitoring. The efficiency of ZnS detactors is a function of alpha

particle energy because of self-absorption in sources of different thicknesses and attenuation
| by air between the source and detector. Therefore, the energy of the alpha particles must be
known to accurately qua .ify the activity present. The magnitude of error aasociated with
failure 1o correct for this energy dependence of the detector is acceptable for detecting and
controlling surface contamination, but it is too large for determining RAB dosages for patients
Typical efficiencies range from 20 to 30 percent for 4.2 to 6.5 MeV alpha particles.

24 Beta-detectors

Although the use of Y-90 in radiotherapy is not new (Ehrhardt and Day. 1987, Willlams et al,
1989), its use in RAB therapy has renewed interest {n the calibration of dosages of
beta-emitters with dose calibrators and in bremsstrahlung dosimetry.

The nuclear medicine community has had some experience with another pure beta-emittor,
P-32. A comparison with Y-90 is appropriate for the benefit of those who have used P-32.
Dosages of up to 5 mCi (185 MBq) per treatment were used for many years (and continue to

{ be used) to treat polycythemia vera (St. Germain, 1886; Weber, 1990). However, when Y-850
is used in RABs as much as 30 mCi (1110 MBq) may be administered. Also, the maximum
energy of beta particles emitted by Y-90 (2.28 MeV) is much higher than that of P-32 (1.71
MeV). 8o, Y-90 presents a significantly greater potential hazard than P-32, and users and
producers of RABs labeled with Y-80 should be well acquainted with, and equipped to detect
and quantify high-energy beta-emitters.

G-M detectors with thin windows can be used to control contamination. They are efficient
detectors of energetic beta particles such as those emitted by Y-90. G-M counters alsc are used
to detect gamma- and x-radiations. However, they are subject to high dead-time losses, and |
their response per unit of activity is a function of both the type ard energy of radiation being
detected. The energy dependence of this type of detector is usually acceptable for contamina-

| A
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spectrum includes many low energy photons, a calibration based on bremsstrahlung requires

careful and consistent attention to type and geometry of the container in the well of the dose
calibrator.

The lonization chambers in some dose caubrators have aluminum walls that are 016 cm (429
mg om™®) thick and contain argon pressurized 1o 10 atmospl.eres (Suzuki, 1990). The wall of
a plastic syringe is typically 1 mm thick (100 mg em™). Therefore, the combined thickness of
the chamber wall and plastic syringe (520 mg om™) will absorb completely beta particles
having energies less than 1 25 MeV. If a glass syringe with a wall thickness of 1 mm were
used, the total thickness would be 864 mg om™, which will stop beta-particles having energies
less than 1.50 MeV. For Y-80 beta particles (2.28 MeV max.), a thickuess of 1100 mg om™ s
required to stop the beta-particles. Well liners can be used to increase the thickness between
tha chamber and the sample. Beta particle absorbers should be made of & material of low

atomic number to minimise the production of characteristic x-rays that might interfere with
the measuremsant of the bremsstrahlung.

264 Range of Activity Measured

Specifications for dose calibrators vary by manufacturer and model. It is especially important
to consider the specifications on the range of activity that is measurable One manufacturer
specifies an activity range of 0.1 mnCi (3.7 kBq) to 5 C1 (185 GBq) for Tc-89m. If the radius
from the center of the well to the center of the chamber were 6 om (& common din -+ wlon for
dose calibrators), then 0.1 mCi (3 7 kBq) of Te-99m in the center of the well would produce an
average exposure rat2 of 1.8 mR h™ (0.5 uC kg* h'') at the center of the chamber and 8§ Ci
(185 GBq) would produce an exposure rate of 88 R h-1 (23 mC kg b''). This maximum is
higher than the saturation exposure rate for the dose calibrator and would be in the non-linear
portion of a graph of meter reading vs. activity.

Depending on the type of gas and its pressurization in the chamber, about 1.3 to 8.1 pA are
produced in the chamber if & 27 uCi (1.4Bq) source is placed 1L the well (SBantry und Bowes,
1988). If the electrometer in the dose calibrator saturates at a current of 0 1 mA, then the
maximum activity measuiable would be about 2 Cf (74 GBq). Higher leveis of activity can be
measured by using attenuators in the chamber well or by correcting for non-linearity in the
graph of dosage vs. weter reading. Tables 2.1 and 2.2 list the saturation activities to be
expected for & dose calibrator (based on typical manufacturers’ specifications for To-89m) for
several common standards and different radionuclides used in RABs. Except for 1-131 ard
In-111, the saturation activities are larger than the saturation activity for Te-99m




Table 2.1 Approximate sotivity required to
saturate a doss calibrator for comumon standard sourves

Half Exy wure’ Saturation Exposure”
Nuclide life, ¥ rate constant activity, C1*® rate at 6
| '7 { "4" ~ 3
L Lo 1 S. 27 130 3"y .
Ha-133 10.8 2 08 0.4 4
Cs-137 30.0 .4 , 1,
Excluding photons < 20 keV (Stabin, 1980) unerals are in units of R om” mCi™* h

N
Multip'v by .97 x 10" to obtain uC kg' om” MBq' b

Multiply by 37 to cbtain (1Bq. Based on manufacturers indioati f saturation a' 2 T4
GBqg) of To-98m

e saturation activity is the activity below which recombinati LORB a8 Lhe zatl
hamber are negligible. The response of the instrument Is expected to be a llnear functio:
of activity for an activity less than the saturation activity of a given radionuclide
Source-to-chamber-center-distancs taken to be € on pumerals are in units of B

Multiply by 258 to obtain yC kg " h




Table 2.2 Approximate activity required to
satursie » dose calibrstor for soms radionuciides used in RABs
Half Exposure’ Saturation Exposure®
iife. h rate constant activity o rate v 8 om

. . »
0.83 2.0 a8

38

Re-188

At-2117

Excluding photons < 20 keV (Stabin, 1980). Numers's are in units of R «

Multiply by 6.97 x 10™® to obtain uC kg™ om® MBg' b

Multiply by 37 to obtain GBq

The saturation sactivity is the activity below which recombination losses in the
ionization chamber are negligible. The response of the lnstrument is expected to be
a linear function of activity for an activity less than the saturation activity of a givon
radionuclide

Source-to-chamber-center distance taken to be 8 om; numerals are in units of R h
Multiply by 258 to obtain uC kg'* b’

Based on manufacturers’ specifications

Based on the exposure rete fiom bremsstrahlung (Willlams, et al

Not a byproduct matarial

Shleien and Terpilak, 1984

Th+ approximation ir les the ph

half-life)




P — B S B I —

265 Linearity

Non-linearity in meter readings are caused by electronic irregularitios, slectrometer saturation,
or recombination of jons in the ionization chamber. Tests for lUnearity with Tc-99m are
adequate to deteriaine liusurity for alpha- and beta-emitters with complex decay schemes
Except for 1-131 wnd In-111, Te-99m produces saturation currents at lower levels of activity
than other radionuclides used to label RABs. Therefore, if a non-linearity is observed in a
graph of activity vs. meter reading for Tc-99m., it will also be observed in a graph for an equal
amount of activity of the other radionuclides, except for 1-131 and In-111. Conversely, if
linearity is observed with To-99m, linearity will be observed with equal amounts of activity for
the radionuclides listed in Table 2 2, except for 1-131 and In-111. If the dosage to be used is
in the nonlinear portion of the dose calibrator response graph, the dosage must be corrected
by the percentage of deviation from linearity.

If dosages are expected to approach saturation levels for the electrometer or the chamber (see
Table 2.2), multiple sources of Cs-137 could be used in leu of the maximum dosage for a
specific radionuclide. Measurements could be made with four sealed sources, each containing
about 0.1 mCi (3.7 MBq) taken one, two, three, and four at a time in the center of the dose
oalibrator well. If a graph of dose calibrator reading vs. activity 1s linear, then linearity is
assured for the radionuclides and the activities indicated in Table 2.2 If highsr levels of 1-131
are to be measured, proportionately higher activity standards must be used to obtain a
correction factor for the non-linearity that will ocour unless attenuators are used in the well.

Using sealed Cs-137 sources to test linearity is cost- and dose-effective. The half-iife of Cs-137
is 30 y, so it does not decay rapidly. Further, the use of sealed sources minimizes ocoupational
doses because the handling of radioactive standards for linearity testing can be completed
quickly. There is also minimal potential for contamination. If T¢-89m is used and tha decay
method for tecting linearity is used, it may be necessary to start with as much as 2 Ci (74

MBa).

RABs are administered at activity levels lower than those listed in Table 2.2, except for 1-131
(Barber et al., 1991) Special care must be taken with [-131 to be certaln that linearity errors
either do not occur or are corrected for in measuring activity levels above 0.57 Ci (21 GBqg)
with a dose calibrator. If linearity is tested with Tc-99m, levels of activity that produce
comparable effects on saturation should be used.

Linearity testing by the decay method, (NRC, 1987) with short half-lived radionuclides (e.g.,
Te-989m) involves errors attributable to uncertainties in recorded tume and the half-life used for
the radionuclide (Chu, 1988) A difference of 1% in the half-life used to correct for decay wil
result in a difference of more than 4% in the calculated activity after 12 half-lives. Santry and
Bowes (1989) suggested the standardization of half-lives to improve consistency in checking
the linearity of dose calibrators. They recommend that a half-life of 6.007 + 0.002 hours be
used for Tc-98m.

If To-99m is used to test for linearity, two or three days may be required to cover the activity
range of interest using a single source (Ahluwalia, 1985) When the decay method is used,
sources must be inserted and removed from the dose calibrator several times over a few days,
unless the dose calibrator is dedicated exclusivaly to the procedure Using aliquois from a
stock solution of a short-lived radionuclide such as Tc-98m, requires very careful
micro-pipetting, and much handling of radioactive material. Therefore. such an approach
would increase the risk of contaminating personnel. instruments, and the laboratory.



The linearity of a dose calibrator may also be tested using attenuators (the shield method)
rather than measuring activity as a function of time (NRC, 19887).

2.8.6 Energy Dependence

Dose calibrators are designed to measure ionization current produced by photons ranging from
about 28 keV to 3 Mev. RABs emit or produce photon energies from less than 20 keV to 900
keV.

Photoelsctric and Compton interactions, attenuation in the wall of the ionization chamber, and
different abundances of photons for different radionuclides result in the production of different
ionization currents per unit of activity for different radionuclides. These ¢ .fferences are

compensated for by changing the gain of the amplifier used with the lonization chamber or
with microprocessor modules.

The extent 10 which the composition and thickness of the specimen ccntalner in a dose
calibrator affects the response of the instrument depends on the type and energy of radiation
emitted. If low energy gamma rays (about 25 keV or lower) are the cause of differences in
respoase with different source containers, the differences ran ba reduced by attenuating the
low energy photons with an absorber until they are an insignificant fraction of the photon
fluence rate reaching the inside of the lonization chamber (Wiarda, 1984) Howover, the
sensitivity of the instrument per unit of activiiy in the container is reduced, and characteristic
x rays complicate the calibration of the dose calibrator (Harris et al., 1984).

The x rays emitted following electron capture are characteristic x rays. The different
iransitions result in x rays being emitted with different energies. This presents a problem in
calibraling dose calibrators for radionuclides based on their x ray emissions.

2.6.7 Geometry Dependence

Different geometries and containers are used to calibrate dose calibrators and dosagws to be
administered to patients. Manufacturers of dose calibrators in the United States use
radionuclides in 5-mL sealed, glass ampoules (the geometry used at the NIST), cr radioactivity
distributed in 20 mL of epoxy in a sealed 30-ml vial (ACNP, 1984). Radiopharmaceuticals are
often messured in elution vials or injection syringes in clinics (Calhoun et al., 1987). The
composition of the container also varies from one user to another(e.g., glass vs. plasiic). Harris
et al. (1988) demonstrated the importance of the container's composition and source geometry
on dose calibrator calibration for low energy photons, such as those emitted by RARs.
Standardization of geometries and cortainers should be considersd for calibrating dose
calibrators and dosages i be administered to patients.

Regardless of the brand of dose calibrator used, a calibration factor for each source geometry
should be determined to ensure the highest accuracy. For Co-857 and Tc-99m, as much as & 9%
difference in indicated activity has been attributed to differences in volumetric distribution and
the container’'s composition, even when the operator reads the correct activity for an ampoule
reference source (Calhoun et al., 1987). Because of the low photon energies for Co-57 (122 keV
and 139 keV) and Tec-99m (141 keV), differences in the response of the dose calibrator
attributable to volume differences were larger than differences attributable to the container’s
composition. Re-186 emits 137 keV photons 8.2% of the time and Re-188 emits 155 keV
photons 15% of the time (Erdtman and Soyka, 1978).
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Many radionuclides can be assayed independently of the sample’s size if the lonization chamber
well is much larger than the sample, wnd the sampls is placed in the center of the well (Susuki
et al, 19786) However, low energy photon emitters require carsful attention to the

configuration and the type of container.

2.6 ¢ Constancy

Current methods for checking the constancy of a dose calibrator are adequate for RABs.
2.7 Survey Instruments

The radiation safety requirements for instrumentation for beta- or gamma-emitting RABs are
similar to those associated with common radiopharmaceuticals, except that Y-8C squires
special attention to skin dosimetry, and air samples should be taken and assayed for halogens
(see section 5.1.2). Instrumentation requirements for exposure and sxposure rate measure-
ments are no different from those required for common radiopharmaceutioals.

Facilities that ure alpha-emitters must have an alpha-detecting instrument for radiation #afety
surveys. A ZnS scintiilation detector connectec 1o & portable rate meter or soaler will suffice
for contamination surveys. A scaler should be used if alr samples are to be evaluated for

alpha-activity (see Section 4.1.2).

Detoction efficiencies for ZnS detectors and thin-windowed G-M counters are sufficiently high
under fisld conditivns to detect levels of surface contamination specified by NRC regulations
(see 10 CFR 35.70; 10 CFR 35.315; 10 CFR 71.87).

28 Recommended Instruments

A summary of recommended instruments for clinlos, pharmacies, and mrnufacturers is given
in Table 2.3. The preferred instrumentation for the purposes indicated and the minimum
required instrumentation for the manufacture and use of RABs in humans are indicated.
Additionally, in situations where activity may be released to alr, air samples should be
evaluated (see Section §.1.2; Regulatory Guide 8.25; Hickey et al, 1601).

Survey instruments should not be used to calibrate dosages for administration o patients, and
dose calibrators are of nc use for environmental monitoring. A dose calibrator is of no use in
detecting and measuring concentrations of activity at or below the limits specified in 10 CFR

20 (NRC, 1891).
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3. CALIBRATION AND CHECK SBOURCES

3.1 Dose Calib: ators

Svandards of the specific radionuclides to be used (or sources which emlt equivalent energies
of radistion) must be used to calibrate dose calibrators. Calibration is usually done by the
mauufacturer, and cherksd with a few sourcss by the user. Al least one manufacturer provides
calibration factors for Re-188 and some alpha emitters (e g, Bi-212 and Am-241) in addition
tc many other radionvalides,

The use of ioag-livod check sources that are cross-referenced to other dose calibrators is highly
recommended (o detect instrument problems (Kearfost, 1988) Commonly avallable
radionuclides such as Co-57 (122 and 139 keV), Cs-137 (862 keV), and Be 133 (80 and 356
koV) are used tor daily checks on the constancy of the doss calibrator (Ahluwalia, 19885).

Calibration sources are avallable commercially and from the National Institute of Standards
and Technology (NIST) Each standard from NIST consists of & ml of solution in a
flrase-sesled borosilicate glass ampoule. The numercus radicnuclides avallable from NIST
include Teo-99m, In-111, and P-32, but not Y-80, Re-186, or Re-188 (NIST, 1990). Howsver,
only & few sources are readily avaliable, and commozly used to cover the photon energy range
from about 80 keV t0 1.3 MeV. These are Co-57 (used as an alternative for Te-89m because of
its longer half-life), Ba-133, Cs-137, and Co-60 (ACNP,1984). Cs-137 ia a good reference source
for calibrating and checking the constancy of the response of a dose Lalibrator. Standards for
Y-80, and Re-186 are available, but they are sxpensive, short-lived, and special arrangements
must be made with the supplier.

Calibration factors for radionuclides for which standards are not avaliable can be estimated,
provided that the photon probability per decay for each photon energy is known, and the
namber of photons with energies below about 200 keV is small (NCRP, 1878, Susruki et al.,
1976; ANSI, 1986, ACNP, 1984). However, moet radlonuclides used in RABs emit photone with
energies well below 200 keV. Therefore, special attention must be given to the calibration of
the dose calibrator using activities that have been determined vith methods that assure that
the activity is known within ¢+ 5%. The calibration of the dose calibrator should be conflrmecd
st least annually, for the specific radionuclides to be measured.

The operation of a dose calibrator, or G-M or exposure rate survey metar can be checked with
COs-137 if the instrument is used regularly and was calibrated for accuracy and linearity in the
past year. Gamma-ray check-sources should be sealed and have long radioactive hali-lives (e.g .
Cs-137) to minimize errors that might ocour in correotions for the decay of a shoit-lived
radioactive material.

The amount of activity used to determine the aocuracy for radionuclides that emit phctons for
which the exposure rate constant is < 0.03 R om® mO1™* h' (2 x 1077 uC kg'* em® MBq* 1)
should be greater than 50 uCi (1.9 MBq). The approximate mintmum activity required for s'ich
radionuclides would be 50 times the quotient of the exposure rate constant for Te-99m divided
by the exposure rate constant for the radionuclide in question.

3.2 Geld or HPGe Spectromseters
Sources that have been suggested for valibrating spectrometers are listed in Table 3.1 (DOE,

1990). Good choices for calibrating spectrometers for RABs would be Pb-210 or Am-241, and
Cs-137 or Co-80. Other sourres that emit o mparable energies can be used. However, Ra-226
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4.2 Radiopharmacies

A pharmacy that is included as & part of a Notice of Clalmed Investigational Exemption (IND)
should be permitted to prepare RABs in accordance with the IND protocol if adequate
radiological calibration equipment and trained staff are available. Radiopharmacies should be
as well equipped as any producer {f they compound ur reconstitute RABs and calibrate dosages.
After a RAB has been approved as a new drug, a radiopharmacy that only dispenses dcsages
requires only needs survey equipment to assure the safety of personnel.

4.3 Users

The identity and amount of the radionuclide in a RAB should be checked soon after it is
received from the supplier by eithor clinical personnel or staff of the radiation safety ~*ioer,
using instruments appropriate for the radiations emitted from ihe radionuciide.

The instiuctions of the producer on temperature and imely use should be followed. Thir is
especially important with biologicals such as RABs, and short-lived radiocactive materials.

A dose calibrator (see section 2.8) should be used ir the clinic to determine the activity in a
dosage just before it is administered 1) a patient. This requirement applies to alpha- and
beta-emitters that i.is0 produce photons, and gamma-emitters.

Dosages less than 10 uCi (370 kBg) of gamma-emitters cannot be calibrated with a dose
calibrator. A more sensitive Instrument must be used, such as & well-type Nal(T1) detector.
Howevesr, this is not a problem for RABs because dosages for imaging or therapy are greater
theaa 1 mCi (37 MBq) (Barber et al., 1991) (see Table 1.2),

If a Nal well-type counter is used to assay the smaller dosages 1t is advisable to keep the
volume of the sample small compared to the volume of the well. Errors attributable to volume
differences will be a few percent at most if the sample occupies no more than half the volume
of the well. For example, the counting efficiency for 0.511 MeV photons when the well is full
is 85% of the efficiency when the well is one-third full (Kearfott, 19898). However, the
maguitude of this error will depend on the source geometry, and the energy of the photons.
Plastic inserts designed to facilitate reproducible geometries in well counters reduce errors
attributable tn positioning of the sample.

4.4 Unit vs. Multidosage Vials

If the dosage tc be administered is to be based on the pr oducer’s calibration, only single-dose
vials should be used, and any differences observed betweon the olinical measurements and
those of the producer should be reconciled before a dosage is administered to a patient.

Multi-dosage vials may be used if dosage calibrations by the producer or radiopharmacy, and
user (for individual dosages) agree, and if the user is a member of a medical facility which has
a llcense of broad scope. Guidance from a radiation safety committes that Includes at least one
member who has 'xperience with quantifying alpha- and betw-emitiers is essential
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with time due to natural decay and elimivstion, so less is avallable for uptake by attendantsa.
The pharmokinetic behavior and radioactive decay of the RAB are somewhat self-compensating
with respect to radiation safety. However, sulficient data are not avallable to determine the
optimum time to meac are the thyroid burdens of individuals who attend RAB patients.

External exposure rates from pailents undergoing therapy with RABs are likely to be higher
for longer periods compared to the rates from patients oontaining common radiopharm-
aceuticals. Staff should be made aware of this, so that they can modify the time spent in close

proximity to RAB pailents. The external exposure of staff and visitors to RABs labsled with
1-131 is of great conocern.

The exposure rate at 1 m from the patient should he measured with an lonigation chamber rate
weter a! intervals of about & hours, beginning as socn as possible after administration. These
measurements enable the determination of oocupancy times for staff attending the patient and
visitors, when the patient can be released from confinement, and the whole-body effective
half-life for the RAB. The latter measurement is reqi .red to estimate external doses to family
members and the public. It is aiso useful to determine if environmental contamination in the
patient’'s home is likely to be a problem. This {s especially important if the patient provides
care for a family,

If RABs labeled with halogens are used, the air in the patient’'s rooms should be monitored to
show that it does not exceed either occupational or public limits {f the patient receives visitors.

Otherwise, care for patients containing RABs should be no different from that of patients
containing common radliopharmaceuticals.

5.2 Release of Patients from the Hospital

The data that would enable release limits for patients to be determined on the basis of potential
contamination of their environments or potential external dose equivalents to the public
remain to be assembled. Information on the whole-body clearance rates of various types of

RABs for varicus diseases 1s required before release limit: for RABs can be determined (Barber
et al, 1991).

Patients should not be released until it has been determined that the intake by a member of the
public will not exceed the Annual Limit of Intake prescribed by 10 CFR 20 (NRC, 19891).

Again, information on whole-body clearance rates must be examined before specific
recom.nendations can be mad-.

The most restrictive Derived Air Concentrations (DACs), and environmental release
concenwrations given in 10 CFR 20 (NRC, 1991) for radionuclides used in RABs are listed in
Table 5.1. The DACs for the alpha-emitters in Table 5.1 are of the same order as the DACs for
I-131.

The ratios for (radionuclide concentration) / (I-131 concentration) for the radionuclides in
Table 5.1 are listed in Table 5.2. Radlonuclides for which the ratio ia less than one involve
greater internal dose risks than 1-131. From Table 5.2 it Is clear that At-211 in alr, represents
a greater risk to the public than 1-131. In the occupational domain, At-211 ia no more
threatening than 1-131. Pb-212 in alr presents a greater risk than 1-131 in the ocoupational
and public domains. However, in the worst case (Pb-212 in public air), the risk is only four
times that associated with 1-131. If release limits for RAB patients were based on equivelence
to 1-131, then, for most of the radionuclides used in RABs, the rigk of internal exposure or
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contamination of the environment in either the oocupational or public domains would be no
greater than that for 1-131 patients.

Table 5.1 Most restrictive dertved alr corwentrations (DACs),
and environmental releave concentrations from 10 CFR
20 (NRC, 1991) for radionuclides used In RABs.

Nuclide DAC, pCl ml™* Release conoceutra-  Release concentration
tion Sewer, nCi ml™”*
Alr, 101 ml™
1-131 0.02 0.2 0.01
Y-80 0.2 0.9 0.07
To-99m 60 200 10
In-111 3 o 086
Re-188 0.7 2 0.3
Re-188 1 k) 0.2
At-211 0.02 0.08 0.02
P12 0.01 0.08 0.02
Notes:

Multiply nCi ml™ by 37 to obtain Bq ml'".
Multiply pCi ml! by 0.087 to obtain Bq ml'.
Multiply fO1 mi* by 37 to obtain uBq ml'™.
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L PERSGNNEL AND ERNOWLEDGE REQUIREMENTS

8.1 The Team
Mose responsible for the preprrat and administiratiol { A prescoribed QOSAE" nust be
trained and skilled in quality ass. 08 prooedures. Une pers atter how competant
annot do all that must be done approact 8 req recd
The miedical director, medical physicist and radlog M it radiochemist have
responsibilities for quality conir and gquality ass winoe (JCRF, 198 CAHOQ, 199 e
I medioal director is responsible for the overall qualit f care provided t ationts. The medioa
physicist is responsible for radiation safety and quality ntr as well as for data hand »
and omputations asso iated with nuclsary medicine Lesis The radiopharmacist (oOr
radiochemist) is responsible for development, productiol raality assurance, and ocontr {
radiopharmaceuticals, incl
Nuclear mecicine s 10lear Medi e Te ) gist Cart Hont
Board should be comp rators for KAHs ause Lthe Board feam
the following in its gists (} a8 ¢ L 1) Thease tasks
apply to both RABs waticals
Ascertaln the nearit { a dose calibrator t Al g { rad & act! y
| 4 De measured
: Test fUr significant geometrical vara Y vit ansu od a8 A ! f Ll
sample's volume or figurstion, a ter ' rrech factors
lest L} A racy for radl - LA AVE ate refers o stia s
1 Check the A v ! L » g W 1Al E Ve M .
. : "
dainta e . ’ ¢
” € Vearify the doaags r rad pWotivity with & L L it
5 ‘Ar ! ! Lol 'ﬂ‘-"( L5 qn’\ h’\ VA, 1 9 | - & " Dr 113 H
The technol i8 us\ the person wi pre ! nfirms dosages 'ust belore Lthey ar
administered o patienis lNechnologists should understana the use and nitations of dose
alibrators, know how & alibrate the dose calibrator when reference standards for the
particular radionuciides are not avallabie, ana should be abie 1 ietermine rrecil IRClOTs
for deviations from linearity, Dose calibrators varyv in their complexity, and the calibral
required depends upon the nesds of U \SaY e, detalled inst t 8 on how alibrate
3 callbrator are not i 160 nar e Pr plos A 1 Prooe res A'e gis {CRP { o
Surukl ot Al 197 ANSI Aol r ACNI 184
IOFIBLE Are o fir: ¥ A gtering Ak Wl patianis
know how ¢ pe wWiith the special probisms f easuring and surv ing
“* ies that emit predominantly pha r bDela-radial s | 3 iLies
! nialified sddiation saletly fficers, radiat s g ¢ anta
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a2 Radiation Safety Officers

Radistion Safety Offivers (RSOs) oocupy & critioal point in the chaln of supply and waste
disposal of all radioactive materials. They should have sooess 10 instrumentasion that oan
ldentity and daternidne the activity of many differeat types of radiosctive materiais

RSOs who are responsible for controlling RABs should be familiar with the principles and
operation of HPGe and Geli spectrometers and dose calibra sre. They sk suld also understand
the phermacokinetic differences bstween RABe and cowmon radiopharmacettionls that oan
wdtect the leval and durstion of oocupational exposure. They should neo be responsible for
messuring exposure rates, as a function of tine, to detericine when it is radiclogioally safe to
release patiants from the hospital. This may require mors time for RAB pationts than is
oustomarily required. RSOs must also understand the differences in radistion safety problems
presented by alpha-, beta, and gamma-emitters o assure that appropriate oalibrations and
surveys ure incorporated into the radiation safety progzram

Shipments of RABs should be measured by the RSO for conformance with the shipping
specifioations and labeling 8Os are not responsible for oalibrating dosages administersd 1o
patients, but they can check the activity and specific radionuclides present in a shipment by
using s Geld or HPGe spectrometer. Alsc, with & dose calibrator, they can determine that the
amount of activity ordered was supplied. 1f a HPGOe or GelLi spectrometer is used, the detector
must be heavily shielded to attenuate the radiation emitted by packages or the packages must
be measured at a distance of three feet or more through a collimator beoause count rates
should be kept less than 120,000 opm (DOE, 1980, Vetter, 1991). Geld spectrometry and dose
oalibrators are used to coufirm the radionuclides and activity in inbound shipments of
radiopharmaceutioals.

8.3 Radiation Safety Committee

The Radistion Safety Committes (RSC) should be aware of the differences between RABs and
common radiopharinaceutionls that could contribute to urwsually high cocoupational, patient
or public radiation exposure. They must also be aware of and be prepared to exercise
judgement on, blological lssues relsted to RABs.

One or more members of the committee should have ex: «~ve talrrng and experience In
nuclear medicine. An lmunvnologist should be included on e coimities, or 5 consulted by
the committes about blologioa! sspects of using RABs, such & the need to test the - tibody

status of the patient bufore administering a RAB to avold (or be prepared for) comp:  ‘Mons
that can arise in patients to whom RABs have been administered previously.

Procedures equivalent to those required by the U.8. Food and Drug Administration (FDA,
1987) should be required of producers of RAls. Procedures for which the FDA has aocepted
a Notice of Claimed Investigational Exemption (IND) or approved a New Dirug Applioatior
(NDA) should be approved by the RSC. The RSC should assure that users follow procedures
described in the IND or NDA, and the instructions of the producer of the RAB. Exoaption”
careful review by the RSC is required for studies if FDA approval is not required.






siphvemitters. The detector should be oalibrated with a standard source which smite alphs
particles within + 20% of the energy of the alpha particles 1o be measured.

Bpecial care must e taken with RARs labeled with 1131 to be certaln that linearity errors
either do not oocur or are co_rected for in measuring Activity levels above 0 87 Cf (2: OBg)
with a dose oalibrator. If

linearity is tested with To-99m. levels of activity that produce comparable effects on sataration
should be used.

Calibrations with the spovific radionuclides (or radionuciides that emit aquivalent types end
enargies of radiniion) 1o be meacured should Le rquli d Calibratious for beta-ewmitters, suck
a8 Y90, and madionuclides ikat emit low snergy photons (v.g., Ko 186, Ne- 188 and At-211)
should also be mad) in standardised geometries and containers

78 Calibration and Check Bources

Calibration sources should be certified by, or be traceabls to, the National Institute of
Standards and Technology.

Standard sources for calibration of dose callbrators should emit x- or gamma rays over the
energy range of the RABs to be used  Calibration sources for alpha-detectors should emit

Alpha particles in the range of 3 to 8 MeV. Souroces of different apparent activities are required
to test the Unearity of survey meters.

T4 Dosage Calibrations

Visual inspection of the physioal appearance of the RAB and it sxpiration date s imporant
beoause rome RABs hav. short shelf-lives. When the material is not as clear as it should be or
if clumps ooour, the dosage should not be administered.

Producers of RABs bear a special responsibility to provide reliable calibrations with thelr
products because sometimes users may have to rely on thess oalibrations Geld or H.'Ge
spectrometers should be “wed by produocers for the final calibration of dosages of radionuclides
which emit x- or gamma- radiation (including alpha- and beta-emitters). Shislding betwesn
the detector and source should be used to avoid overloading the detector

Dosages of RAHs labeled with Y-90 should be based on bremsstrahlung measurements in a dose
calibrator that was oalibrated using the sane geometry and containers that will be used in the
clinic. When dose oalibrators are used to calibrate dosages from beta-emitters, a well-liner
{absorber) should be used to make the total thickness between the sensitive volume of s dose
calibrator and the radioactive material equal to, or greater than, the thickness required to
oom) etely absorb the most energetic beta particle emitted. The calibration should be based
on pnoton deteotion only. Alternatively, liquid scintillation counting can be used.

7.8 Expowure Control and Monitoring

Although alpha-emitters may also emit x- and gamma rays, they are not an sxternal radiation
nagard to either the cccupationally exposed or the public. The concern is whether significant
radioact. ve contamination of the environment oocurs either via the air or as a consequence of
the activities of the patient.
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786 P rsonnel and Knowledge Requirementsa

Mmmmm‘mmm.mudmmmmmmmm
skilled In qua'ity assurance proosdures. One person (no matter how oompetent) cannot do
everylhing. A\ wm approsch is required

Nuclear medicine technologiste certified by the Nuclear Medicine Teohnologist Certifioation
Board should be competent 1o calibrate dose oalibrators for RABs. However, additional
tralning may be necessary if they are responsible for suvironmental contamination surveys,
and to aserse that the particular measurer snts and monitoring assooiated with RADs labeled
with radionuclides thet smit primarily alpha- or beta-radiations are fully understood.

RBOs who are responsible for vontrolling RABs should be familiar with the principles and
operation of HPGe and/or Gell spectrometers and dose calibretors They also should
understand the pharmacokinetio differences botwesn RASs and common radiopharmaces tioals
that oan affect the level and duration of ovcupstional exposure. They slso should be
responsible for measuring exposure rates from patients, as a function of time, to determine
when It is radiclogically safe to release patients from the hospital.

The KSC should be aware of the differences between RABs and «c mmon radiopharmaceutionls
that couid contribute to unusually high ooccupational, pstient, or public radiation exposure
‘noluding the peculiarities of alpha- and beta-smitters that require different instrumentation
and measurements from those ordinarily associated with gamma-emitters. The RSC must als>
be aware of and be prepared to sxercise judgement on biologioal issues related to RABs.

One or more members of the RSC should have extensive training and experienve in nuclear
maedicine and should be well informed on messuring and monitoring of radionuclides that emit
primarily alpha- or bata-radistions, as well s gamma-emitters. An lmmvnologist should be
A member of the committes or be consulted by the committes about the biologioal aspects of
using RABs, such as the need to test the antibody status of the patient before administering

s RAB to avold (or be prepared for) complioations that can arise in patients to whom RABs
have been administered previously.

The RSC should assure \hat users follow procedures described in INDs or NDAs, and the
instructions of the producer of the RAB. Procedures indioated on the package inserts of
loensed products should be followed, unless a user justifies 1o the RSC that other procedures
are safe and in the best Interests of the patient, and those oocupationally exposed.

a2
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