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We estimate the absorbed dose to the bladder walls, Dy, due to [**"Tcpertech-
netate direct radionuclide cystography, with due consideration to the dynamic na-
ture of the examination. Our analytical method resulted in D,, values expressed as
functions of the bladder filling time. These values are compared with published
data based on a static bladder model. It is shown that the D,, value depends strong-
ly on the protocol under which the examination is carried out. it is also shown that
the normal saline flow rate and the time of the administration of the radioactive
material can be adjusted so that the radiation burden may be greatly reduced.
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Direct radionuclide cystography (DRC) with
[?9mTc]pertechnetate has been found useful in studying
patients with vesicoureteral reflux (VUR). This method
has gained wide acceptance in pediatrics, its main ad-
vantage being the low dose to the patient (/-3). This
dose was estimated by Conway et al. (3), who considered
the bladder as a static spherical volume. It has been es-
tablished that the dose to the bladder wall per photon
varies by almost an order of magnitude as the bladder
fills, being largest for a nearly empty bladder (4). Taking
into account the dynamic nature of the DRC study, we
applied a different method for the evaluation of the
bladder dose (Dy). Our method is based on the Diffey
and Hilson model (5), proposed for the evaluation of the
dose to the walls of the bladder from an i.v. injection of
Tc-99m DTPA.

METHODS

In the model presented by Diffey and Hilson (5), it is
assumed that i.v. Tc-99 DTPA is cleared in a single-
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exponential manner into a spherical bladder by glo-
merular filtration, and that the urinary flow into the
bladder is constant. The volume of the bladder then in-
creases linearly with time until some elapsed time when,
it is assumed, the bladder empties instantaneously to zero
volume. For the purposes of our study this model was
slightly modified in order to correspond to the parame-
ters of DRC. During DRC the urinary flow through the
ureters is negligible compared with that of the normal
saline entering through the catheter, so we may accept
that increase of bladder volume during the bladder-
filling phase is due to the saline flow alone. Furthermore,
we observe empirically that the flow rate to the bladder
from a bottle of 1000 ml normal saline solution placed
100 cm above the bladder (6) may be considered as
practically constant, ranging from 20-50 ml/min in
various runs. After the establishment of the saline flow,
it is assumed that the bladder volume starts to increase
linearly with time, from zero up to the bladder tolerance
volume (V,). The pertechnetate dose (300-500 uCi
Tc-99m) is administered through the catheter as a bolus,
at any time T, after Ty, the time of entrance of the nor-
mal saline into the bladder. All the radioactivity remains
within the bladder during the filling phase. At micturi-
tion, the bladder volume returns back to zero. A brief
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FIG. 1. Variation of total absorbed dose with bladder filling time for different saline flow rates, F,, and for delay T, = 0.5 min between

start of saline flow and delivery of radiotracer into bladder.

description of Diffey and Hilson model (5), along with
the modifications made in the present study, is included
in the Appendix. The units of the Tc-99m physical con-
stants were converted so that the bladder filling time was
expressed in minutes and the bladder dose in mrad/mCi,
respectively. Calculations were carried out on a CDC-
3300 computer. The total dose to the bladder walls (from
photons plus conversion and Auger electrons) was
evaluated as a function of the bladder filling time, T, for
different saline flow rates, F;, and different adminis-
tration times, T,. Between the time T, and micturition
at T, there is a small delay, At, which is usually less
than 1 min. The dose to the bladder walls during the
interval At may be estimated using Equations (7) and
(9) in the Appendix.

Calculations of the dose rate to the gonads were also
carried out according to the concept of the absorbed
fraction (7), using the mathematical phantom of the
standard man and the energy-dependent absorbed
fractions for the organs of this phantom (8). The trans-
formation approach, published by Yamagushi et al. (9)
was used in order to estimate the gonadal dose for chil-
dren of various ages.

RESULTS

The calculated radiation doses to the bladder, Dy, are
presented graphically in Figs. 1 and 2 as functions of the
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filling time T, for two different administration times,
Ta, of the radioactive material. Let us suppose that V,
= 200 ml, F; = 20 ml/min (T, = 10 min), and T, = 0.5
min, then according to Fig. 1 the absorbed dose to the
bladder, Dy, is equal to 58 mrad/mCi. According to the
same figure, if F; is increased to 50 ml/min (T, = 4 min),
then the Dy value is reduced to 16 mrad/mCi. In addi-
tion, if T, = 1 min (Fig. 2) when F; is 50 ml/min, then
Dy, falls to 12 mrad/mCi. It is obvious that for a given
dose A and flow rate F;, the Dy value is minimized when
T, approaches T,. Actually if T, = 3 min, T, = 4 min,
and F; = 50 ml/min, the estimated Dy becomes 2.7
mrad/mCi. Additionally if there is a difference between
T, and Ty, equal to 1 min (At = 1 min), then we estimate
that the dose to the bladder walls during At is equal to
2.4 mrad/mCi.

The estimates of radiation dose rate to the gonads for

the standard man and for children of different ages are
listed in Table 1. For these calculations it was supposed

that T, is close to T,, and therefore the distance from the
centers of the ovaries or the testes to the center of the
bladder is practically constant, since the radius of the
spherical bladder does not change significantly with
time.

DISCUSSION

The results of the present study clearly demonstrate
that the absorbed dose to the bladder walls (Dy) during
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FIG. 2. Variation of total absorbed dose with bladder filling time for different saline flow rates, F,, and when T, = 1 min.

DRC, depends strongly on the conditions under which
the examination is carried out. It is shown that this dose
can be lower or much greater than the average value (28
mrad/mCi-30 min, V1 = 200 ml) estimated by Conway
et al. (3) on the basis of a static bladder model. Besides
a better estimation of the bladder dose, our method of
analysis also leads to useful information, relevant to
radiation protection of the patient. We may minimize
the bladder exposure by increasing the saline flow rate
and by delivering the radioactive material through the
catheter at a time when a considerable amount of normal
saline has already entered the bladder. In our experience
(6), following these precautions does not degrade the
diagnostic value of the examination. We have found
when VUR is visualized during the bladder-filling phase
it is still visualized during the post-filling, voiding phase,
and generally it can still be visualized after the void as

TABLE 1. RADIATION DOSE RATE TO THE

GONADS DURING Tc-99m DRC, FOR THE

STANDARD MAN AND FOR CHILDREN OF
VARIOUS AGES (SOURCE ORGAN: BLADDER

CONTENTS)
Dose rate (mwad/mCi-min)
Target _ Standard
Organ iyr S5yr 10yr 15yr man
Ovaries 051 030 0.20 0.14 0.12
Testes 034 020 0.14 0.09 0.08
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well. Moreover, the shortening of the DRC procedure
also results in the reduction of the gonadal exposure.

APPENDIX

According to the model of Diffey and Hilson, the exposure rate
due to photon radiation at some time t on the surface of the
spherical bladder (mR-min~!), including absorption and scattering
of radiation within the bladder, is given by

2xA

1 — e—2ur(t)
Xt)=T—-@1- c"*‘")e"‘l‘{l ~—
uFt

2ur(t)

where T is the exposure rate constant for Tc-99m (I' = 12mR-
cm2min~!-mCi~'), u is the energy absorption coefficient in water
at 141 keV (1 = 0.027 cm™!), A is the injected (i.v.) activity of
Tc-99m DTPA (mCi), A, the decay constant of blood clearance,
A2 the physical decay constant of Tc-99m (min~!), F is the flow
rate of the urine into the bladder (ml-min—!) and r(t) is the radius
of the bladder, given by

R4

r(t) = [ yo )

The absorbed dose (mrad) on the surface of the bladder resulting
from gamma irradiation is then

2z fA T
uF 0

8))

1 — e—2ur(t)

D, = 2ur(0)

)

3)
where f is the Roentgen-to-rad conversion factor for soft tissue at
141 keV (f = 0.96).

In the case of dose estimates to the bladder during DRC study,
Egs. (1), (2), and (3) may be modified as follows:

— e—2ur(t)
X(t) = I‘ 27r_Ae—)\zl {l - le—”
uFgt 2pur(t)

where F; is the flow rate of saline into the bladder, and r(t) is given
by

(1 = e~Mit)e=rat % {l
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1/3
() = B, ®)
x

The absorbed dose on the surface of the bladder is then given

by
22T fA T 1 1 — e~ 2ur()
D, = f RO Pk ks P
E uF, J1 ° [ 2ur(t) ©)

where T, is the time of the Tc-99m administration, after the time
To of the start of the saline flow to the bladder, and T, the time
when bladder reaches its tolerance volume V,.

Regarding the bladder irradiation from conversion and Auger
electrons, Diffey and Hilson used the following equations to esti-
mate the dose rate R(t) (mrad-min—") and the absorbed dose D,
(mrad) to the bladder walls at a time T from the i.v. administration
of Tc-99m DTPA:

R(t) = 17760 nE%t (1 = e Mt)e=2t (O]
and
—A [T 1
D.=17760nE2 f (1—eMyera=dt,  (8)
F Jo t
where E (0.125 MeV) is the average energy released in each in-
ternal conversion, and n the number of electrons of energy E
emitted per disintegration.

In the present work Egs. (7) and (8) were used in the following
forms

R(1) = 17760 n E 2 e—2at, ©)
Fit
and
Ty e—A2t
D, = 17760 "EA (T g, (10)
F, T, t
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The total radiation dose to the bladder walls may then be given
as

Dy = Dy + D.. amn
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