
In the diagnostic use of radioisotopes, one must

strive to administer to the patient the smallest
amount of radioactivity consistent with the demands
of the study. The activity required for a satisfactory
thyroid-uptake study is the activity that reduces the
statistical counting uncertainty in the uptake result
to an acceptable level in a reasonable counting
time. Additional activity results in unnecessarily good
statistics and increases the radiation dose to the
patient.

In general, the activity required depends on the
sensitivity of the detector used, the counting times,
the room background and the fraction of the tracer
taken up by the thyroid. Doses of 5â€”20 @Ciof 1311
are usually recommended in the literature for use
in thyroid-uptake studies. Since 10 @Ciof 1811pro..
duces a thyroid dose of about 15 rads in a normal
uptake study (1), one should ask whether the com
monly recommended amounts of radioactivity are
necessary. Although most sources of error in thy
roid-uptake studies have been thoroughly investigated
(2,3), the quantitative control of counting statistical
errors is neglected in the literature. Some authors
remark that the activity required depends on detector
sensitivity, but no one has analyzed the dependence
of the required activity on the several variable fac
tors. Cameron and Bell (4) studied the use of very
small amounts of 1311with conventional instrumen
tation but did not show how their experimental
parameters affected the activity required.

This paper develops an expression which permits
calculation of the activity required for an uptake
study using any given set of clinical parameters. We
have found that the amount of activity required in
our laboratory is much less than is generally recom
mended. Since our equipment and clinical procedure
are not unusual, we feel that others may also find
that they can markedly reduce patient dose in thy
roid-uptake studies with no change in instrumenta
tion and with little or no additional clinical effort.

CLINICAL PROCEDURE

In our thyroid-uptake procedure the patient swal
lows a capsule of 181!which has been calibrated by

the manufacturer and checked in our laboratory. The
patient is counted after 2 hr and again after 24 hr
with a 2-in. X 2-in. NaI(Tl) scintillation detector
in a flat-field collimator; the front surface of the
crystal is positioned 25 cm from the skin surface.
The detector calibration factor is measured by count
ing an accurately assayed capsule at a depth of 2
cm in a 20 X 20 X 27 cm pressed-wood phantom.
Counting is performed with a 100 keV pulse-height
analyzer window centered on the 364-keV photo
peak. The counting rate over the patient's thigh is
assumed to indicate the background counting rate
over the neck due to body background plus room
background.

The percent uptake is calculated from the equa
tion:

p_ 100(RNâ€”RT)
â€” Ace_At (1)

in which RN is the counting rate over the neck
(cpm), RT ISthe counting rate over the thigh (cpm),
A is the activity administered (pCi) , c @Sthe de
tector calibration factor (cpm/,@Ci),@ is the decay
constant of the isotope and t is the time between
the administration of the activity and counting.

If the total background counting rate over the
neck is measured over the neck with a lead thyroid
shield rather than over the thigh, then the following
analysis should also apply if shielded counting rates
and counting times are substituted for the appro
priate thigh terms.

ERRORIN UPTAKE MEASUREMENT
DUE TO COUNTING STATISTICS

We intend to develop an expression to relate the
activity given the patient to the uncertainty in the
uptake result due to counting statistical uncertainties
in measurement of the net thyroid counting rate
R=RNâ€”RT.

Although other sources of error affect the uptake
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measurement, only the uncertainty in determining
the net thyroid counting rate depends directly on the
activity which the patient receives.

Equation 1 could be written as

R
P _ kA

in which k@ 0.01 ce_At. Then the standard devia
tion in the uptake result due to uncertainty in meas
uring the net counting rate R is given by

I
SP = kA@ SR

in which SR @Sthe standard deviation of the measure
ment of the net counting rate. Note that S@is meas
ured in units of percent uptake.

Since the standard deviation of the sum or dif
ference of two independent quantities x and y is
given by (S@Â±)2 = S@2+ 5@2,and since R =
RN RT, we can write

SR (SRN2 + SRT2)1'2

SP = kk (SRN2 + SRT2)h/@2.

According to Poisson counting statistics the esti
mated standard deviations in the neck and thigh
counting rates are:

/R \1/2
SR () andSR (N@ T

in which TNand TT are the times spent measuring
the counting rates RN and RT. Thus the estimated
standard deviation in the uptake result due to count
ing statistical uncertainties is

1 /RN RT\112
SP=iâ€”r-(â€” +â€”

ktt \r@j TT

Using Eq. la and the fact that R = RN â€”RT, we
find

@2= (1)2 [@ + (@ + @;) RT].

The dependence of S@on the activity A given to
the patient is not explicit in Eq. 6 since the counting
rate over the thigh RT depends in general on how
much activity the patient receives. The counts reg
istered over the thigh are due both to radioactivity
in the patient's thigh and to room background. The
counting rate over the thigh can be written

RT = RBB+ RRB

in which RBBis the counting rate due to radioactivity
in the thigh and RRB is the room background count
ing rate. The body background counting rate RBB

should be proportional to the amount of radioactivity
in the patient's thigh. We therefore propose the
mathematical model that the body background
counting rate can be expressed by

(la) RBB=fA(100â€”PExâ€”P) (8)

in which f is a constant of proportionality and P@x
is the percent of the administered activity whicb is
either excreted or concentrated in some part of the
body other than the thyroid and not in the thigh.

If we accept the model given by Eq. 8, then Eq. 6
(2) can be written

5@2 = (1)2 f@ + [@ + ;i;]

[fA(loo_PEX_P)+RRB]1.
Equation 9 gives the expected standard deviation in
the uptake result due to counting statistical uncer
tainty as an explicit function of the activity A given

(3) to the patient. Equation 9 can be solved for A,
yielding

100[l+.(@/@)][ Tff(v@
A â€” 2cTSp2s_At [@+ ;;k1@luu _ PEX

(3a) 2 12
I i i I i i 4RRBTSP (@J@) \ I'
1'iâ€”('-r Tf 21 (10)L \ [P+@(1oo_P@x_P)]I
in which T = r@@ r@is the total time spent count
ing the patient. Equation 10 gives the activity A
which will result in an expected standard deviation
SP in the uptake result due to counting statistical
uncertainty.

CALCULATIONOF THE ACTIVITYREQUIRED

Unfortunately, Eq. 10 cannot be used directly to
(5) calculate the activity required for an uptake study
â€˜ since values are not known for all of the factors on

the right side of the equation. The percent uptake
P is not known before the uptake study is per
formed; the value of the constant f is not known;

(6) and PEX cannot be confidently predicted in the in
dividual case before the uptake study is done because
of the wide variation in plasma and urine activities
after administration of 1311 (5).

However, Eq. 10 can be used to compute the
upper limit of the activity required to produce a
standard deviation S@. Since from Eq. 10 the ac
tivity required is maximum if P is maximum, that
is if P = 100, then a calculation performed assum

big P = 100 will somewhat overestimate the activ
(7) ity required to produce a standard deviation S@in

the real situations when the uptake is less than
100% . In all cases of less than 100% uptake, the
standard deviation in the uptake result due to count

so
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ing statistical uncertainty should be less than S@
since the required activity was overestimated. Thus if
a calculation is performed assuming P = 100, S@in
Eq. 10 should be interpreted as the maximwn allow
able standard deviation in the uptake result due to
counting statistical uncertainties.

If P = 100, then PEX = 0 and Eq. 10 reduces to

@ 1
â€” cTSp2e_At +

I 4RRBT5@211/2
L @TTNX J

All of the factors on the right side of Eq. 11 can
be either measured or clinically determined before
the uptake study is performed so the equation can
be used to calculate the activity required for an
uptake study to ensure a standard deviation less than
SP in the uptake result due to counting statistics.

FACTORSINFLUENCING THE ACTIVITYREQUIRED

To calculate the activity required, one must, of
course, measure or choose values for the factors on
the right side of Eq. 11.

The room background counting rate RRB can be
easily measured to any desired accuracy. Although
room background should be fairly constant from
day to day, it should be checked periodically to guard
against any marked change.

The detector calibration factor c is fixed by the
detector and counting distance used in the study and
can be measured to any desired accuracy by count
ing a neck phantom containing an accurately assayed
source.

The acceptable standard deviation S@in the up
take result due to counting statistical uncertainty in
the measurement of the net counting rate must be
chosen in the perspective of other errors in thyroid
uptake studies. The recommendations of consultants
for the International Atomic Energy Agency state
(6) : â€œInview of the number and magnitude of
other errors involved in thyroid-uptake measure
ments, it is not necessary to aim at a less than three
percent error in counting statistics.â€•If we interpret
â€œerrorâ€•to mean the 95% (2cr) confidence limits
of the uptake result due to counting statistics, then
an error of 3% uptake corresponds to 2S@= 3 or
to a value of S@= 1.5 in Eq. 11.

Choice of the total time T to be spent counti,pg
the patient must be made on the basis of practical
considerations. In most cases the first (T1) factor
in Eq. 11 will predominate, and the activity required
will be roughly inversely proportional to the total
counting time T. In any case, the rate ofâ€•reduction
of required activity diminishes as the total counting
time is increased. Reduction in patient dose must

be balanced against the increased time required for
each study. In light of the total time spent registering
and preparing the patient, we have found that 5 mm
is an acceptable total counting time.

The ratio (TT/TN) is determined by the division
of the available counting time between neck and
thigh. Although one could simply take TN =@ =
T/2 and calculate the required activity from Eq. 11,
equal division of the total counting time is not maxi
mally efficient. Generally, the most efficient division
of total counting time,@ + r@,in the measurement
of a net counting rate RN â€”RT is (7)

rN â€”

rT@RT) (12)

It is clear from Eq. 12 that equal division of the
available counting time is efficient only if RN = RT;
that is, for zero uptake. For all cases in which the
uptake will be greater than zero, RN should be
greater than RT, and more than half of the available
time should be spent counting over the neck.

The counting rate ratio Rs/RT will depend on
the percent uptake P and on the activity adminis
tered A. Assuming the model for the body back
ground counting rate developed above, we can write

RN_ IcAP
T RB â€” EX

The ratio should vary from unity for low uptakes
(P -@ 0) to approximately 1 + (kAP/RRB) for
high uptakes (P + PEX -@ 100). For low uptakes
(P -* 0), we might expect that the ratio is approxi
mately given by:

RN.1 kAP
@;â€”+R+fA@100p) (14)

Thus RN/RT should be roughly a linear function of
P for low uptakes.

To investigate the best division of the total avail
able counting time, the ratio RN/RT was measured
as a function of percent uptake. Since the required
activity predicted by Eq. 11 is a rather insensitive
function of TN/TTfor TN/Dr> 1, we arbitrarily chose
rN/TT = 4 as a first approximation and calculated

the activity required for this case. For our study
parameters (c 2,000 cpm/,@Ci; RRB = 150 cpm;
t = 24 hr; T = 5 mm) we calculated from Eq. 11
that 0.89 @Ciof 1311was required to ensure a stand
ard deviation of less than 1.5% uptake. The results
of 58 uptake studies done using 0.6â€”i.1 pCi of
1311 are plotted in Fig. 1 . The ratio RN/RT seems

to be a roughly linear function of percent uptake. The
counting-rate ratio is not appreciably different for
2 or 24-hr studies; with such small amounts of ra
dioactivity the counting rate over the thigh is due

Volume 10, Number 7 477



2.0

ii

METZ

1@N/'rT 1.5 is substituted into Eq. 1 1 as a second

approximation, we find that 0.97 @Ciis required for
that case. Since the counting-rate ratios with 0.89
and 0.97 @Cishould be nearly equal, we have con
verged by successive approximations on the most
efficient division of the counting time. Convergence
toward the most efficient value of TN/TTfor normal
uptake studies was rapid because the activity pre
dicted by Eq. 11 is an insensitive function of r@/r@
and because the maximally efficient ratio n@/rT, as
given by Eq. 12 is an insensitive function of the ratio
RN/RT and, in turn, of the administered activity.

In principle the ratio rN/r,@should be varied for
each patient, depending on the expected uptake.
However, the data of Fig. 1 and Eq. 12 show that
the maximally efficient counting-time ratio TN/TTis
not very different from 1.5 for any commonly ob
served uptake. We decided to set TN/rT equal to 1.5
for all uptake studies rather than establish a differ
ent clinical procedure for each patient on the basis
of predicted uptake. We now routinely count 3 mm
over the patient's neck and 2 min over the thigh.

RESULTS

The standard deviation in an individual uptake
result due to counting statistical uncertainty in the
measurement of the net thyroid counting rate can be
estimated from the data of the study by using Eq. 5.

Figure 2 illustrates the counting statistical stand
ard deviations observed in a series of 135 consecu
tive technically satisfactory uptake measurements;
the horizontal axis shows the 181! activity used in
each study. Equation 11 is plotted as a solid curve
on the same figure and shows the relationship be
tween the activity administered in an uptake study
and the predicted maximum counting-statistical

â€” standard deviation. In each case, the observed stand

ard deviation was found to be less than the marl
mum expected standard deviation Sp of Eq. 11. Thus
the activity calculated using Eq. 11 does result in
a standard deviation less than the acceptable limit S@.

The data of Fig. 2 also seem to verify the func
tional form of Eq. 11. The experimental points are
grouped parallel to and below the line representing
the equation. The standard deviations are greatest
and closest to the solid curve for high uptakes and
are smallest for low uptakes. A hypothetical â€œbest
fitâ€•line through the experimental points might be
thought of as the result of Eq. 10 for the â€œaverageâ€•
percent uptake P, while the solid curve of Eq. 11
represents the limiting case of P = 100.
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FIG. 1. N.ck.th@ghcounting.rat.ratio as functionof p.rc.nt
uptake. Dot indicat.s 2-hr study; X indicat.s 24-hr study. Subjects
:@2,000received0.6â€”1.1@Ciof @Iorally.Detsctorsensitivity
cpm/@Ci; room background@ 150 cpm.
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FIG.2. Comparisonbetweenpredictedmaximumandob
served counting statistical standard deviations in the uptake re
suit as a function of 1s1@activity administered. Solid curve repre
sents predicted maximum Si. calculated from Eq. 11 for 24-hr
uptake studies. Individual points are pooled 2 and 24-hr uptake
data. 0 indicates uptake less than 5%; X indicates uptake
greater than 40%. Detector sensitivity = 2,000 cpm/@iCi; room
background@ 150 cpm; neck counting time 3 mm; thigh count
ing time = 2 mm.

almost entirely to room background and is thus
essentially independent of plasma activity. For up
takes in the normal range the counting rate ratio
is roughly 3, so the most efficient division of count
ing time TN/7â€¢T (RN/RT)112 is about 1.5. If
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CONCLUSION

Equation 11 has been shown to successfully pre
dict the activity required in thyroid-uptake studies
to ensure a standard deviation due to counting sta
tistics less than a predetermined maximum. Calcu
lations based on this model predicted that an
administered activity of only about 1 1@Ciof 181!is
required in our laboratory to produce an uptake
result with acceptable counting statistical accuracy.
Analysis of the results of 135 consecutive uptake
studies has confirmed this approach.

SUMMARY

An expression is developed which permits calcu
lation of the administered activity required for ac
ceptable statistical accuracy in a thyroid-uptake
study using any given set of clinical parameters. Ap
proximately 1 @@Ciof 181! is found to be sufficient
for studies done using a scintillation detector with a
2 X 2-in. crystal and a total counting time of 5 mm.
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