
re-entrant well ionization chambers (dose calibrators) using
the dial setting, or calibration factor, that is recommended by
the manufacturer. Accurate measurements of radionuclides
in the clinic or radiopharmacy, therefore, demand that the
correct calibration factor be applied.

The dial setting currently recommended by Capintec
(Capintec, Inc., Ramsey, NJ) for measuring 188Reis 496 X
10 and is valid for the standard geometry of 5 mL ofliquid in
a National Institute of Standards and Technology (NIST)
style 5-mL glass ampoule (7). Recent experiments at Cedars
Sinai Medical Center (CSMC) to measure dose rates from
balloon catheters containing â€˜88Resolutions for use in IVBT
showed a large discrepancy between experimentally deter
mined and theoretical dose rates from these sources. Be
cause the experimental determination of dose rates is
dependent on accurate knowledge of the specific activity
contained within the source, the group at NIST performed a
recalibration of 188Re solutions to attempt to resolve this
discrepancy. During this recalibration, it was noted that the
activity reported by the NIST Capintec CRC-l2 dose
calibrator at the manufacturer's recommended setting was
high by about 25% compared with the activity determined
by more absolute methods, such as 4'rr@3liquid scintillation
(LS) counting.

188Rewas originally standardized in 1990 by Coursey et
a!. (8). At that time, a calibration factor for the NIST 4'rry
ionization chamber (IC) (9) was determined using activity
measurements based on LS counting with 3H-standard
efficiency tracing, but no check was made on the correct
dose calibrator settings for any commercial instruments.

More recently, the ionization chamber response was
recalculated by Capintec using updated decay data for â€˜88Re
(A. Suzuki, written communication, August 1997). The new
response value increased by 11.5%, resulting in a change in
the dial setting to 563 X 10. Unfortunately, the recalculation
was not based on the most recent transition probability data
(8) andthusstill did not give thecorrectresult.

To solve the problems associated with making activity
measurements using the currently recommended, calculated
dose calibrator settings for â€˜88Re,we undertook a new study
to determine experimentally the correct dose calibrator
setting for this radionuclide.

Accurateactivity measurementsof radionuclidesusingcommer
cial dose calibrators requires that the correct dial setting (or
calibration factor) be applied.The dose calibrator setting for the
medical radionuclide1asRe(as lasReO4) has been determined
experimentallyusingsolutionsourcespreparedandcalibratedat
the National Institute of Standards and Technology (NIST).
Methods:The specificactivityoftwosources(inunitsofMBq/g)
inthestandard5-mLNISTampouleandina5-mLSoloPakdose
vial were calibrated using 4ir@3liquid scintillation counting with
3H-standardefficiencytracing and -y-raylbremmstrahlungcount
ing in the NIST â€œ4'rrâ€•y ionization chamber on gravimetrically
related sources. Results: The newly determined settings for the
NIST CapintecCRC-12dose calibrator are (631 Â±4) x 10 and
(621 Â±3) x 10 for the respective ampoule and dose vial
geometries with an expanded (at a presumed 95% confidence
level)uncertaintyof0.4%â€”0.5%in the activitydetermination.The
setting for the dose vial geometry was independently confirmed
usinga CapintecCRC-i5RatCedars-SinaiMedicalCenter
using sources calibratedagainst a NISTstandard.ConclusIon:
These new settings result in activity readings 28%â€”30%lower
than those obtained using the previously recommendedsetting
of 496 x 10. This discrepancymost likely resultsfrom underesti
matingthetotalradiationyieldfromlasRedecaywhencalculating
the dosecalibratorresponse.Thisstudyemphasizestheneedfor
experimental determinations of dose calibrator settings in the
geometryin whichthe measurementswill be performed.

KeyWords:dosecalibrators;1@Re

J NucIMed1999;40:1508â€”1516

henium- 188 is proving to be one of the most versatile
of the radionuclides currently being investigated for use in
nuclear medicine. Among the applications currently being
studied for 188Re are bone pain palliation therapy (1,2),
radioimmunotherapy (3,4), radiation synovectomy (5) and,
more recently, intravascular brachytherapy (IVBT) for the
prevention of coronary restenosis after balloon angioplasty
(6). Radioassays normally are performed in the clinic using
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Since the time that these experiments were performed,
Fox et al. (10) reported an apparent 24% discrepancy
between activity values determined using Capintec dose
calibrators and the 496 x 10 setting and those obtained from
LS and radiochromic film measurements. Those authors,
however, admitted the need for more precise measurements
to solve this apparent problem. Moreover, they did not report
a new calibrator setting that would provide the correct
activity.

MATERIALSAND METHODS
All solutions of â€˜88Re(as â€˜88ReO4)were prepared at NIST

(except as noted) from saline elutions of a â€˜88WP88Regenerator
(11) that was fabricated at the Oak Ridge National Laboratory.
Normal (0. 15 mol/L) saline solutions were used for all elutions.
The concentration technique of Singh et al. (12) was used not only
to produce solutions of high specific activity but also to remove
most radionuclidic impurities. Impurity analysis using HPGe -y-ray
spectrometry revealed no detectable -y-ray-emitting impurities to
within an upper detection limit of 4 X 10@% Â±2 X 106% (F.J.
Schima, oral communication, May 1998).

The half-life used in the decay corrections to the data was
measured during the course of the experiments outlined below and
was found to be 16.995 Â±0.002 h, in which the uncertainty is the
expanded uncertainty on the half-life arising from the uncertainties
on the fit to the data and from the @6Rastandard used in the
measurements. In accordance with NIST policy, the combined
standard uncertainty (calculated by combining the individual
uncertainty components in quadrature) is multiplied by a coverage
factor of k = 2 to obtain an expanded uncertainty assumed to give
an uncertainty interval having a confidence level of 90%â€”95%.
Details of half-life measurement using the NIST IC have been
published (13,14).

The experiments detailed below were performed in this study to
establish the dose calibrator setting for sodium perrhenate.

ExperimentI
Because â€˜88Rewas last standardized by NIST in 1990, a

confirmation of the NIST internal calibration was performed to
ensure that the calibration factor for the IC had not changed over
time. A total of 4.5602 Â±0.0023 g of freshly eluted sodium
[â€˜88Re]perrhenatewas gravimetrically dispensed into a standard
NIST-style 5-mL ampoule, which was then flame sealed. This
source was counted in the IC for 40 cycles against a 226Rastandard
that had been counted for a total of 50 cycles. The data were decay
corrected to an arbitrary reference time of noon eastern standard
time, November 25, 1997, which was the day on which the solution
was eluted.

Three LS sources were prepared from the solution in the
ampoule, after allowing it to decay for a period of nominally I wk.
Between 0.004 and 0.012 g of the â€˜88Resolution was dispensed
gravimetrically into each of three glass LS vials containing 10 mL
UltimaGold AB scintillator (Packard Instrument Co., Meriden, CT)
and 1 mL water. A background blank was prepared by dispensing
10 mL UltimaGold AB scintillator and 1 mL water into an LS vial.
The vials were then fitted with polyethylene vee-cone caps and
agitated for several minutes to ensure complete mixing of the
cocktails. The vials were then counted sequentially for 10 cycles of
20 mm for each vial in an LS7800 LS counter (Beckman

Instruments, Fullerton, CA) equipped with two R33lâ€”05photo
tubes (Hamamatsu, Hamamatsu, Japan) operated in coincidence
mode with logarithmic signal amplification. The counting rates for
these cocktails during the first counting cycle ranged from approxi
mately 3.3 X 106/s for the vial containing 0.012 g 188Reto
approximately I .2 X 10@/sfor that containing 0.004 g 188Re.

Appropriate decay corrections to the reference date were applied
to the LS counting data. The efficiency tracing method ofNIST and
the Centro de Investigationes Energetica Medioambientales y
Technologicas (15, 16) was used to trace the coincidence counting
efficiency of the LS spectrometer. This method is a protocol by
which the LS counting efficiency for a cocktail of interest under
known, varying quenching conditions is obtained by following the
efficiency of a closely matched (in terms of cocktail composition)
standard. For this particular experiment, LS cocktails containing a
gravimetric dilution of NIST tritiated water standard, standard
reference material (SRM) 4927E (17), were prepared and counted 3
d before counting the 188Recocktails as part of a separate
experiment.

The resulting counting data were used to establish a relationship
between the degree of cocktail quenching and the efficiency for 3H.
The efficiency for 188Rewas calculated for the observed quenching
range using a modified version of the program EFFY4, which is an
updated version of EFFY2 (18). The modification included a
change in form of the quenching function Q(E) (E is the energy of
the emitted @3-particle)to be compatible with other efficiency
tracing codes used at NIST. The change did not alter the physics of
the problem but changed only the relationship between quenching
and the counting efficiency. Because quenching is used only as an
intermediary variable between the 3H and 188Reefficiencies, the
change has no effect on the final result. A detailed explanation of
the application and analysis of uncertainties of this method has
been published (19).

The input data to EFFY4 consisted ofthe most recently available
nuclear data for both 3Hand 188Re(20). From these data and the 3H
counting data, an average efficiency of 99.67% Â±0.02% was
calculated. The stated uncertainty is the standard uncertainty
estimated by propagating a 0.8% uncertainty in the quenching
(based on the SD of 10 quench determinations on each of three LS
sources) through the efficiency calculation.

Experiment II
The main purpose of this study was to check the Capintec dose

calibrator setting for a 5-mL dose vial (SoloPak Laboratories, Elk
Grove Village, IL) containing approximately 2.5 mL â€˜88Resolution.
The sources prepared in this experiment were to be used ultimately
to calibrate instrumentation at CSMC.

The preparation scheme for sources prepared in this experiment
is shown in Figure 1.A stock solution of sodium [188Rejperrhenate
was prepared by eluting the generator with approximately 5 mL
normal saline. The stock solution was then transferred to a
polyethylene aspiration pycnometer for gravimetric dispensing. A
total of 1.9855 Â±0.0010 g stock solution was dispensed into a 5-
mL SoloPak dose vial, which was then fitted with an aluminum
crimp-seal cap.

The remaining stock solution in the pycnometer was then
transferred to a standard NIST-style ampoule, resulting in 1.9576 Â±
0.0010 g sodium perrhenate solution dispensed into the ampoule. A
total of 3.5319 Â±0.0018 g normal saline solution was then added
gravimetrically to the ampoule to bring the total volume of solution
in the ampoule to nominally 5 mL.
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Traniferto SixiL
polyethylene pycnometer

@1 @1
(1.957593g)ofeluantintoS mL
NIST ampoule, gravins@rically add
3.531894gnerinalsalinetogive

5niLtotalvolume.
Ampoule is flame-sealed.

Gravini&icallydiapense 1.985501g
eluant into 5 niL SoloPakdose vial

Mass ratio(dose viaI@ampoule â€”1.014256,
thus A@ vial 1.014256 x

N

â€˜I, IDetermine correctdlal settI.g forCaplitee CRC-12:
Ampoule: 630 i 10
Dose vial: 620 x 10

FIGURE 1. Preparationschemefor so
dium perrhenatesourcesused in experi
mentll.

Measure A@ in calibrated

NIST ion chamber

The ampoule was then flame sealed and the contents assayed as
described above, using the IC for 30 cycles against a @RaStandard
that had been counted for a total of 40 cycles. The same reference
time as for experiment I was used throughout this experiment.

Once the results from the IC measurements were available, the
dose calibrator settings for the NIST CRC-l2 dose calibrator were
determined for the ampoule and dose vial. Using either the known
activity (ampoule) or the calculated activity based on knowledge of
the activity contained in the ampoule and the mass ratio of solution
added to each container (dose vial), we determined the correct
setting by changing the dial setting on the instrument until the
correct decay-corrected activity was displayed on the instrument
readout.

The vial was then shipped overnight to CSMC in Los Angeles,
where it was received 31.1 h after preparation. By that time, the vial
contained a calculated activity of 53.3 GBq. Because of the
relatively low activity of the NIST calibration source (vial), this
solution was first used to calibrate a NaI(Tl) scintillation detector at
CSMC in a fixed geometry. This detector was then used to measure
a solution with an equal volume but higher activity of â€˜88Rein the
same type of vial and geometry, so that calibration could be
transferred accurately to the dose calibrator at CSMC.

The detector system was a NaI(Tl) detector (crystal, Harshaw
8S8, with a 6.35-cm outside diameter; photomultiplier tube, Bicron
NE, Solon, OH) with a 1.9-cm-thick lead collimator and a single
channel analyzer (Spectroscaler 4R; Picker Corp., Northford, CT).

The source was supported on the detector axis at a distance of 45
cm. An 8-mm-thick sheet ofacrylic plastic was positioned between
the source and the detector, 10cm from the source, to block all beta
radiation from reaching the detector and its lead collimator.
Counting was performed with a 20% energy window centered on
the â€˜88Re155-keV @-ypeak. Background counts were obtained
frequently between measurements and were typically <0.1% of
source counts (0.5% maximum). Stability of the counting system
over time was verified with a @W/@Reequilibrium check source
corrected for l88@jdecay. The dead time of this system was
determined to be 6.35 p.susing the decaying source method (21)
anda paralyzablemodel.Alldatawerecorrectedusinga numerical
procedure to satisfy the paralyzable model: m = n X e@', where m
is the observed count, n is the true count and i@is the measured dead
time.

â€˜l\wo@Retest sources were prepared in the same type of vial
and with the same volume as the NIST calibration source but with
activities of roughly 186 GBq and 1.295 TBq, by diluting @Re
obtained by eluting a â€˜8@W/188Regenerator of the same design as
that used at N1ST.

All three sources (NIST vial plus two CSMC vials) were
counted for I rain using the fixed geometry described above and
corrected for dead-time losses, resulting in the data shown in Table
1. Vial 2 was counted again 2 d later. Based on the known activity
of the NIST source, the calibration of the scintillation counter
system was determined to be 2.89 X lO5/sfBq. This value was
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Raw Dead-timecorrected Na(TI)calibration NISTactivity Capintec activity
Vial (xi0@/min) (x10@/min) (xi05/slBq) (MBq) (MBq)NIST-to-CapintecratioNIST

vial 91 .60* 92.50* 2.89 53â€¢3*65.5*0.814CSMC
vial 1 273.0* 281 â€¢3* 2.89t i62t 200*0.81 1tCSMC
vial2 1494* 1809* 2.89t 1043t1306*0.800tVial

2 (day 3) 330.1* 342.3* 2.88t i97t243*0.812t*Values

directlymeasuredbyNISTorderivedfrommeasurementsontheNIST-calibratedsolutionatCSMC.tValues
calculatedbasedoncalibrationofthe NAI(Tl)detectorsystem.NIST

= National Institute of Standards and Technology; CSMC = Cedars-Sinai Medical Center.

TABLE 1
DataUsedforTransferofNISTCalibrationtoCSMCCapintec-15RWellIonizationChamber(DoseCalibrator)

then used to compute the NIST activities of the test vials as shown
in the table. The sources were also measured in a Capintec

CRC-l5R dose calibrator using the manufacturer's recommended
calibration factor setting of 496 X 10 for lMRe.These are entered
as the Capintec activities in Table 1.

ExperIment Ill
Sources prepared in this experiment were used to gather

additional data on the dose calibrator factor of â€˜88Re,to confirm the
half-life of â€˜88Reand to attempt to reduce the uncertainty in the IC
calibration factor. A NIST-style ampoule containing an active
solution of â€˜88Rewas prepared in a manner similar to that described
for experiment I. Data were collected versus a 226Rareference
standard on two different capacitor settings, with all count times
referenced to noon eastern standard time, March 17, 1998.The data
consisted of a series of measurements of three readings each, such
that the midpoint correction for decay during the counting interval
was negligible. This requirement limited the time of measurement
to 4.0 half-lives. The data to be fit consisted of the time of
measurement versus the ratio of the average of three measurements
of the 188Reampoule to the radium reference source (9). The
weights used for the fits were the SDs for the three measurements at
each point. Nonlinear x2 fits to a single exponential function were
performed using computer programs developed in-house that
follow a description published previously (22).

To measure the activity of the solution, LS cocktails were
prepared in a manner similar to those described above, with several
modifications. Four â€˜88Recocktails were prepared by gravimetri
cally dispensing 0.014â€”0.040g active â€˜88Resolution into four LS
vials containing 10 mL UltimaGold and 1 mL water. The degree of
quenching in the samples was varied by the addition of no drops,
one drop, three drops and five drops of a 10:1 (by volume) dilution
of nitromethane in ethanol to each of the four vials. Each drop
contained nominally 0.01 g nitromethane solution.

The coincidence counting efficiency was traced against four 3H
cocktails prepared at the same time as the â€˜88Revials. Between

0.019 and 0.03 1 g tritiated water from the dilution of SRM 4927E,
as already described, was added to LS vials containing 10 mL
UltimaGold and 1mL water. The quench was varied by the addition
of no drops, two drops, four drops and six drops diluted nitrometh
ane solution.

In addition, two background blanks were prepared by the
addition of I mL water and 10 mL UltimaGold to each of two iS
vials. Into one of the two vials were dispensed six drops dilute
nitromethane solution to vary the quench.

The LS vials were arranged in the Beckman LS spectrometer so
that the 3H cocktails were interspersed among the â€˜88Reand
background cocktails. The vials were counted sequentially for three
sets of counting trials, consisting of 10 cycles of 10 mm counts for
each cocktail. These trials were completed over 4 d.

A response curve for the Capintec CRC-12 dose calibrator was
determined by placing the 5-mL NIST ampoule used in the IC
measurements into the dose calibrator and recording the output
activity from the dose calibrator at several dial settings. These data
were decay corrected to the same reference time as used for the IC
and LS measurements and were then fitted to determine the correct
instrument setting.

RESULTS

All evaluations of measurement uncertainties throughout
this study follow accepted conventions used by NIST and
are in concordance with those recommended by the principal
international metrology standards organizations (23).

Experiment I
The resulting massic activity from the IC data at the

specified reference time for the ampoule source was 73.10 Â±
0.64 MBq/g, in which the uncertainty is the expanded (k =
2) uncertainty arising from the uncertainty components
evaluated in Table 2. The term â€œmassicactivityâ€• is that
preferred by the International Standards Organization for the
quantity obtained by dividing the total amount of radioactiv
ity in a sample by the sample mass. The quantity is

expressed in the SystÃ¨meInternational d'Unitds as Bq/g.
Based on the calculated efficiency, the massic activity

from the iS measurements was determined to be 73.84 Â±
1.02 MBq/g, in which the uncertainty is the expanded
uncertainty of 1.4% arising from the components evaluated
in Table 2. Comparing the IC and LS measurements, the
massic activity results agree to within the experimental
uncertainty for each technique.

Experiment II
The activity of the solution contained in the NIST

ampoule at the reference time was measured in the IC to be
186.3 Â±1.56 MBq. The uncertainty is the expanded (k = 2)
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u@(y)/y,LS (uncertaintyu1(y)/y, IC (%)(uncertaintyin
activityAduetoin activityAduetoComponent

Uncertainty type, comments component)component)

TABLE 2
Evaluated Uncertainty Components for Radioassay of NlSTAmpoule Using NIST â€œ4'rrâ€•â€”yIonization Chamber (IC)

and 4ir@3Liquid Scintillation (LS) Counting as Descnbed in Expenment I

A;LS:standarddeviationinactivityfor
reproducibilityamong3 LScocktails;
IC:combinedSDs,s@,in times
requiredto chargeICcapacitorforthe
22@Rastandard(0.011%,dfv = 49)
andleaReampoule(0.14%,df
V = 39).

B;estimated standard uncertaintyfor a
singlemassdetermination.

B;estimatedstandarduncertaintyinthe
leaRehalf-life (0.006%) over decay
correctioninterval.

A;standarduncertaintyindetermination
of 1seReLS counting efficiencyfroma
0.8%standarduncertaintyinquench
measurement.

B; estimated standard uncertainty in
0.44% correction to LS counting
interval.

B;estimatedstandarduncertaintyin
gravimetrically determined dilution
factor.

B;forstandarduncertaintyof 0.18%
fromNISTcalibration.

B;estimatedstandarduncertaintyin3H
half-lifeover19a.

B;standarduncertaintyinoriginalstan
dardization of leaReby 4ir@LS
counting.

B;standarduncertaintyincalibration
factors for @Â°Rareference sources
usedindeterminationof leaReactivity.

B;standarduncertaintyfor repeatability
ofmeasurementof @Rareference
source.

Measurementvariability

Gravimetricdeterminations

Half-life

LSefficiencydetermination

LStiming

3Hstandarddilutionfactor

3Hstandardprimarycalibration

3Hhalf-life

K-factordetermination

Radiumreferencesourceratio

0.48 0.14

0.05 0.05

0.042 0.00024

0.12

0.02

0.06

6 x i0@

0.49

0.4

0.066

0.1
0.70 0.44
1.4 0.88

Radiumreferencesourceposition

Combined uncertainty, u@,u@=@ uj
Expanded uncertainty, U = k x u@,k =2

NIST= NationalInstituteofStandardsandTechnology;df= degreesoffreedom.

uncertainty arising from the individual uncertainty compo
nents listed in Table 3.

When a mass ratio of 1.01426 is used for the active
perrhenate added to the dose vial relative to that added to the
ampoule, the activity in the dose vial is calculated to be
189.0 Â±1.59 MBq. Becausethe activity in the dosevial is
directly derived from the activity in the NIST ampoule, the
uncertainty stated for the dose vial activity is the expanded
uncertainty using the uncertainty components as for the
NIST ampoule and as listed in Table 3.

The dose calibrator settings for the NIST CRC-12 in these
two containers were found to be (630 Â±3) X 10 and (620 Â±
3) X 10 for the ampoule and dose vial, respectively, by
changing the dial setting until the correct activity was
displayed on the readout. The uncertainty is the number of

dial positions necessary to produce an activity value equal to
the measured activity plus the expanded combined uncer
tainty in the activity measurement and is thus an estimate of
the expanded uncertainty of the dial-setting determination.

It should be noted that these notations (e.g., 620 X 10)
dictate that one set the instrument dial at the first number and
multiply the instrument readout value by the second number.

These determinations are corroborated by the data col
lected at CSMC. The average NIST-to-Capintec ratio from
those measurements was 0.809 Â± 0.012, in which the
uncertainty is the expanded uncertainty based on the SD of
four independent determinations of the ratios of NIST
calibrated activity (or activity of sources calibrated against
the NIST-calibrated solution) to activity determined using
the Capintec instrument setting. Subsequent to the measure
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ComponentUncertainty type, commentsuj(y)/y,

IC(%)
(uncertainty in activity A

due tocomponent)Measurement

variabilityA; IC:combinedSDs,s@,in timesrequiredto
chargeICcapacitorfor the @Rastandard
(0.013%,df v = 39)andleaReampoule
(0.011%,cMv =29).0.017Gravimetnc

determinationsB; estimatedstandarduncertaintyfora single
massdetermination.0.05Half-lifeB;
estimatedstandarduncertaintyinthe @Re
half-life(0.006%)overdecay-correction

interval.0.00024K-factor
determinationB; standarduncertaintyinoriginalstandardiza

tionof leaReby4w@3LScounting.0.4Radium
referencesourceratioB; standarduncertaintyincalibrationfactorsfor

@Rareferencesourcesusedindetermina
tion of leaReactivity.0.066Radium

referencesourceposition

Combined uncertainty, u@,u@=@ u@B;

standarduncertaintyfor repeatabilityof mea
surementof @Rareferencesource.0.1

0.42Expanded
uncertainty,U = k x u@,k =20.84NIST

= National Institute of Standards and Technology; LS = liquidscintillation;df = degreesof freedom.

TABLE 3
Evaluated Uncertainty Components for Radioassay of NlSTAmpoule Using

NIST â€œ4-ITâ€•-)'Ionization Chamber (IC) as Described in Experiment II

ment of vial 2 on day 3, the vial was placed back into the
Capintec well counter and the calibration factor adjusted
until the activity reading agreed with the MIST value. This
resulted in a determined Capintec-15R calibration factor of
(622 Â±2) X 10, in which the uncertainty is the number of
dial positions from the central value that will still give an
instrument readout equal to the measured activity.

Analysis of uncertainty components from these measure
ments indicates that the counting statistics (Poisson counting
error) contributed an uncertainty < 0.5% in the scintillation
detector measurement of the NIST vial. Dead-time correc
tions were 1% for the NIST source, 17% for vial 2 on day 1
and 3% for the other two measurements. Uncertainty in the
dead-time correction is at most 5% of the correction and is
usually well under 1%. The last significant figure recorded in
Table 1 for the Capintec activity varied by two or three units
during measurement, amounting to a possible random
uncertainty < 2% in this measurement for the NIST source.
The overall estimated expanded (k = 2) combined uncer
tainty on the measured activity is calculated to be 4.6%.

Experiment Ill
The massic activity of the solutions prepared for this

experiment were found to be 68.70 Â±0.69 MBq/g. The
stated uncertainty is the expanded (k 2) uncertainty due to
the uncertainty components evaluated in Table 4.

The response curve of instrument readout versus dial
setting for the 5-mL ampoule is shown in Figure 2. The data
were fit to an equation of the form y@@ + b to preserve
the physical significance of the instrument readout/dial

setting relationship (7). The total activity of â€˜88Recontained
in the ampoule was calculated to be 347.98 Â±3.48 MBq
based on the mass of dispensed solution and the determined
massic activity. The uncertainty is the expanded uncertainty
using the uncertainty components listed in Table 4. Using
the fit to the response curve, a dial setting of(633 Â±7) X 10
was calculated. The uncertainty is an expanded uncertainty
estimated from the fit to the response curve, using the
expanded uncertainty on the activity.

DISCUSSION

The results from experiments II and HI show good
reproducibility between the sets of dial-setting determina

tions for both the dose vial and the NIST ampoule geom
etries. Based on these measurements, new calibration factors
for these two geometries can be determined.

The unweighted average of the results for the dose vial
gives a new calibration factor of (621 Â±3) X 10, in which
the uncertainty is the expanded uncertainty based on the
average of the uncertainties of the two individual, indepen
dent measurements of the vial dose calibrator factor. The
resulting expanded uncertainty in the activity determination
using this setting is approximately Â±0.4% and is estimated
by propagating the uncertainty in the dose calibrator factor
through the calibration curve for the data in experiment Ill.

Because the uncertainties in the dose calibrator settings
for the ampoule geometry were so disparate, a weighted
average of the two independent determinations was calcu
lated. The new dose calibrator factor is calculated to be
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ComponentUncertainty type,commentsU1(y)/y,

LS(%)
(uncertainty in activity A

duetocomponent)Measurement

variabilityA; SDinactivityfor reproducibilityamong4 LScocktails.0.02Measurement
reproducibilityA; SDof the meanin activityfor repeatabilityof LSmea

surementsonanyoneLScocktail.0.02Gravimetric
determinationsB; estimatedstandarduncertaintyfora singlemassdeter

mination.0.05Half-lifeB;
standarduncertaintyinthe iseRehalf-life(0.006%)
overdecay-correctioninterval.0.042LS

efficiency determinationA; standarduncertaintyindeterminationof iseReLS
countingefficiencyfroma 1.1%standarduncertaintyin
quenchmeasurement.0.15LS

timingB; estimatedstandarduncertaintyin 0.44%correctionto
LScountinginterval.0.023H

standarddilutionfactor

3Hhalf-lifeB;

estimatedstandarduncertaintyin gravimetricallydeter
mineddilutionfactor.

B;estimatedstandarduncertaintyin3Hhalf-lifeover19 a.0.060.493H
standardprimarycalibration

Combineduncertainty,u@,u@=@ u@B;

forstandarduncertaintyof 0.18%fromNIST
calibration.6 x 10@

0.52Expanded
uncertainty,U = k x u@,k =21.0NIST

= NationalInstituteof StandardsandTechnology.

600 605 610 615 620 625 630 635

TABLE 4
Evaluated Uncertainty Components for Radioassay of NIST Ampoule 4i@j3Liquid Scintillation (LS) Counting

as Described in Experiment III

(631 Â±4) X 10, in which the uncertainty is the expanded
uncertainty based on the weighted average of the uncertain

ties of the two individual, independent measurements of the
ampoule calibrator factor. The uncertainty on this value
leads to an expanded uncertainty of approximately +0.5%!
â€”0.4%in the reported activity and is estimated by propagat
ing the uncertainty in the dose calibrator factor through the
calibration curve for the data in experiment ifi. The asymmet
nc uncertainty is the result of propagating a combined
uncertainty based on the uncertainty on the activity and the
uncertainty on the dial setting through the (nonlinear) fitting
function used to calculate the dial setting. The uncertainty on
the dial setting is in fact asymmetric, although the difference

366

364

362

360

358

356

354

352

350

348 â€”I
595

is small and cannot be observed if only integer dial-setting
values are used. By combining the uncertainties and back
calculating the activity from the dose calibrator response
fitting function, asymmetry in the activity uncertainty can be
observed.

The difference in reported activities resulting from using
the same instrument setting for the vial and ampoule
geometries is approximately 1.4%. This difference is as
sumed to be the result of two effects. The first is due to the
different glass thicknesses of the two containers, which
result in different -y-ray attenuations. The second is the
difference in solution volumes in the containers, which also
affects the radiation attenuation. In general, an increase in

FIGURE2. Responsecurveofdosecali
brator readout (in MBq x 10) as function of
dial settingfor 5-mLNISTampoulecontain
ing nominally 5 mL 1seRein 0.15 moVL
saline solution. Each datum represents
single measurement at particular dial set
ting. Curve representsfit of data to equation
offormy1=ax+b.
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attenuation reduces the apparent activity as read from the
instrument display, requiring a higher gain (a lower dial
setting) to compensate. This is exacfly the trend exhibited in
this study. The thicker glass in the dose vial attenuates the
radiation more than does the thinner glass in the ampoule,
thereby reducing the apparent activity. The dial setting for
the dose vial is therefore lower than that for the ampoule.

The currently recommended instrument setting for the
dose calibrators used in this study and most widely used in
hospitals and radiopharmacies in the United States is 496 X
10 and is based on interpolation within a calculated response
curve made by the manufacturer. The response of the
ionization chamber is generally measured for a few radionu
clides, and the calibration factors are fixed at the low and
high ends of the response range. Based on the level scheme
of a radionuclide with an unknown calibration factor (dial
setting), the theoretical response can be calculated and the
dial setting determined from the curve. An accurate result
requires that all emitted radiations be correctly included in
the calculation of the theoretical response.

The experimental calibration curve from experiment III
shows that a setting of496 X 10 gives an activity that is 28%
higher than that obtained using the new setting for the dose
vial geometry and 30% higher than that for the ampoule.
One way in which such a discrepancy could have arisen is if,
during calculation of the theoretical response for the well IC,
the bremsstrahlung radiation produced by the relatively
high-energy f3-particles had been neglected. This would
have resulted in a much lower response (current) per unit
activity than expected and, as explained above, would
require a higher instrument gain (lower dial setting) to
compensate and give the correct activity. If this is indeed the
source of the discrepancy between the theoretical and
experimental calibrator settings, the manufacturer's recom
mended instrument setting will very likely be incorrect for
nearly all of the medium- to high-energy @3emitters. For
tunately, this discrepancy almost always results in overesti

mation of the activity and generally will not cause serious
harm to the patient. It could, however, require repetition of
some therapeutic procedures because a lower dose would
have been administered. In general, this is not good labora
tory practice, and we recommend that users of these
instruments perform their own calibrations before relying on
them for accurate activity determinations.

CONCLUSION

Experimental dose calibrator settings (dial settings) have
been determined for solutions of 188Re as eluted from a
188W/188Regenerator using normal saline in two measure
ment geometries. The setting for the standard NIST-style
5-mL ampoule was determined to be (631 Â±4) X 10, and
that for a 5-mL SoloPak dose vial containing nominally 2
mL solution was found to be (621 Â± 3) X 10. The
uncertainties on the dial settings are expanded uncertainties

and correspond to expanded uncertainties in the reported
activity of approximately 0.4%.

These new determinations result in activity measurements
that differ from those obtained using the manufacturer's
previously recommended setting (496 X 10) by about 30%
and underscore the importance of experimental determina
tionsof dosecalibratorsettings.
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