
error in the calculated results with a magnitude dependent on
the radionuclide as well as the specific model parameters. The
values published originally were â€”40% low (ranging from <
10% low to > 60% low). In addition, typographical errors were
identified in the expressions involving the model description.
The MIRD Committee recognized the importanceof rectifying
this situation and announced the preparation of a revised
pamphlet (2), which would provide corrections and also take
the opportunity to expand the list of radiopharmaceuticals
presented. The requisite corrections and changes have been
implemented in this revision along with the inclusion of eight
additional radiopharmaceuticals thus providing results for a
total of 19 agents used both diagnostically and therapeutically.
For some of the original radiopharmaceuticals, the biologic
parameters have been updated through new references and/or
revised kinetic modeling analysis, which also has introduced
modifications in the calculated results.

INTRODUC11ON

Calculationofradiationabsorbeddose(hereafterreferredto
as â€œradiationdoseâ€•or simply â€œdoseâ€•)to the inner mucosal
surface and at depth in the urinary bladder wall from radioac
tivity distributed within the bladder contents is of importance
for:

1. Evaluating new or existing radiopharmaceuticals for hu
man use; and

2. Designing patient protocol strategies intended to mini
mize the radiation dose for a specific radiopharmaceutical.

Accurate radiation dose estimates may hold particular signifi
cance for those agents that are excreted rapidly, such as
2-'8F-fluoro-2-deoxy-D-glucose (FDG) (3,4) and 9vmTc..dieth..
ylenetriaminepentaacetic acid (DTPA) (4).

Most dose estimates to the bladder wall are based on the
standard MIRD 5 (Revised) phantom, in which the bladder has
a constant volume (5). No provision is made for dynamic
variation or incorporation ofother variables (such as filling rate,
initial volume, residual volume, first voiding time and wall
thinning) that may be expected to have an effect on the dose.
The limitations of this bladder model have long been recog
nized and various alternative models have been proposed. In
this paper, the published models for the urinary bladder are
reviewed, and the results are compared with those provided
under equivalent conditions by the original MIRD model. A
new model was developed that incorporates the complexities of

The constant-volume urinary bladder model in the standard MIRD
Pamphlet No. 5 (Revised) phantom has recognized limitations.
Various investigatorshavedevelopeddetailed models incorporating
more physiologically realistic features, such as expanding bladder
contents and residualvolume, and variable urinary input rate, initial
volume and first void time. We have reviewed these published
modelsand havedevelOpeda new model for calculationof radiation
absorbed dose to the urinary bladder wall incorporating these
aspects. Methods The model consists of a spherical source with
variable volume to simulate the bladder contents and a wall repre
sented by a spherical shell of constant volume. The wall thickness
varies as the source expands or contracts. The model provides for
variable urine entry rate (three different hydration states), initial
bladder contents volume, reskiual volume and first voki time. The
vokiing schedule includes an extended nighttime gap during wh@h
the urineentry rate is reducedto one-haffthe daytime rate.Resul@
Radiation-absorbeddose estimates have been calculated for the
biadderwall surface @ncludingphoton and e@ctroncomponents)and
at severaldepths in the wall (e@ctroncomponent)for 2-18F-fluoro-2-
deoxy-D-glucose, @Â°â€˜Tc-disthylenethaminepentaaceticacid (DTPA),

@rc-HEDP,@Â°@Tc-pertethnetate,@Â°1c-redblood cells (RBCs),
@rc-glucobeptonate, @rc-memaptoacetyftnglk@inecheistor

(MAG3), @rc-meth@4enediphosphonate(MDP), @Tc-hexamethy@
propy@neamine oame (HMPAO), @c-humanserum albumin
(HSA),@Â°@â€˜Tc-MlBl(restandstress),1@l-P24l-t31l-OlH,123@/131l..@
1@l-kthalamate, 1111n-DTPAand @Sr-SiQConcluslon The new
model tends to give a higherradiationabsorbed dose to the bladder
wall surface than the pre@ousmodeis. Large initialbladdervolumes
and higherratesof urineflow into the bladder result in lower bladder
wall dose. The optimal first voiding time is from 40 mm to 3 hr
postadministration,depending on radIOpharmaceUtiCal.The data as
presented in tabular and graphic form for each compound provkie
guidance for establishing radiation absorbed dose reduction
protocols.
Key Words dosimetry urinarybladderradiationabsorbed dose;
dynamIcbladder@MIRDdose calculation
J Nuci Med 1999 4th102S-123S

FOREWORD TO REViSED MIRD PAMPHLET NO. 14
The theoretical concepts and output calculations for the radia
tion absorbed dose to the urinary bladder wall were published
originally as MIRD Pamphlet No. 14, â€œADynamic Urinary
Bladder Model for Radiation Dose Calculationsâ€•(1 ). After
publication, the authors discovered an error in the computer
code used to generate the output values, which introduced an
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Unit@*

Symbol Name/desctiption TraditiOnal 5.1.

*Caremustbetakento usethecorrectconversionfactors(hors to mm, @Cito mCi,g to kgandsoon)whenapp@ngtheunitsinTable1to Equations
1-3 (seeCaklulationalMethods).

TABLE I
Definitionof Symbols Used in the CalculationalMethods DeSCribedin Table 2

A
A@)

D/@
pa/,%]
D@,(V)
t[f1]
9$
r@t)
R@

R@,,

S
T@
T1
T1

U(t)

V(t)
vÃ§r@
V0
Vr
X@)

I@I3

A1
A
p Density of the medium

T

F
F,

CumulatedactMty,A = fA(t)dt
Activitywithinthebladderat timet
Bladderactivityperunitvolumeat timet

Averagedose to the bladderwall [or dose to the innerSurface]per unit
administeredactivity

Photondoseto thebladderwallat bladdervolumeV
Residualbladdervolumefractionfcilowinga void[theiâ€•@voki]
Geometricalfactorfor a pointonthewrtaceof a sphere
Bladder radiusat time t
Electrondoserateat thebladderwallinnersurfaceperunitactivityin the

bladdercontentsvolume
Photon@amma)doserateat thebladderwallinnerSurfaceperunit

activityinthebladdercontentsvolume
Averagephoton @gamma)dose rate within the bladderwall per unit

actMtyinthebladdercontentsvolume
S valuefor the bladder contents (source)to the bladder wall(target)
Regularvoidinginterval
Voidtimefor the@ void
lime of firstvoid

Urinevolumerateof entryintothebladder

Bladdervolumeat timet
Bladdervolumepriorto i0'voidat timeT,
Initialbladder contents volume
ReSidUal volume following void

Gammarayexposurerateat the innerbladderwallsurfaceat timet
BiolOgIccoefficientsrepresentingthefractionof theadministeredactivity

enteringthebladderfor thejâ€•'component
Meanalectronpartideenergyemittedpernucleartranaltion(formeily

equilibliumdoseconstant)
Bk@OgICrateconstantforentryof thejtt@componentintothe bladder
Physicaldecayconstant

@Ci(orrnCi)
,.tCVcm3

(ormCVcnP)
rad/@Ci

(orred/mCi)
red

cm
cm

red/mCi. h

red/mCi. h

rad/mCi@ h

rad/pci . h
h
h
h

mVmin
(orcm3/min)
ml(orcm@)
ml (orcm@
ml(orcm@)
ml (orcm@)

Mi

red.g/p@Ci. h

h1
h1
g/ml

(orgrn/cm@)
h

A. @2/@. h
red.cm@/mCi. h

cm@1

MBq. s
MBq

MBq/cm3

mGy/MBq

mGy

cm
cm

mGy/MBq.S

mGy/MBq.S

mGy/MBq@S

mGy/MBq.S
S

S

S

mVs
(orcm3/S)

ml (orcm')
ml (orcm@)
ml (orcm@)
ml(orcm@)

C/1(g.S

Residencetimeinthebladdercontents
Exposurerateconstant
Exposurerateconstantconvertedto dosein tissueusingthe roentgen

to-red or coulomMg-to-mGy conver@onfactor
Effectivephoton absorption cOefficientfor water at a givenenergy

mGy. kg/MBq .5

S-i

S-i

g/cm3

S

C.ctii2/kg. MBq.5
mGy. @2/MBq.5

cm@1

urinary function into a practical algorithm for calculating the
radiation doseto the bladder wall.

REViEW OF PREViOUSLY PUBUSHED URINARY
BLADDER MODELS FOR DOSiMETRY CALCULATIONS

Table 1 contains definitions of symbols used in the algo
rithms of four previously published urinaiy bladder models for
dose calculations that are described in Table 2, along with the
new model. Model A in Table 2 is associated with the standard
MIRD 5 (Revised) phantom (5). [Other informationthat is
relevant to the MIRD schema and model descriptions are
provided in references (6â€”JO).]A limitation ofthe model is that
the volume ofthe bladder contents remains constant at 202.6 ml
(200 g). The surface electron dose rate is derived from the
approximationthatthe dose rateat the surfaceof a large sphere
is one-half of the dose rate in an infinite medium that has the
same radioactive concentration as within the sphere (11 ). The
photon dose is derived using Monte Carlo techniques. Bladder
wall doseper unit cumulatedactivity in various sourceorgans,

including bladder contents, has been calculated for many
radionuclides with this model (10). Cumulated activity in
bladder contents is derived using a bladder radioactivity input
model, which is generally obtained from the whole-body
retention curve determined through knowledge of the pharma
ceutical biokinetics. No attempt is made to represent the
physical dynamics of bladder filling and emptying.

Snyder and Ford (12) developed a model in which the
bladder is represented as an ellipsoid with axes in the ratio of
4:3:3 (leftâ€”right:frontâ€”back:top--bottom) that remains fixed as
the bladder fills (Model B in Table 2). The surface electron dose
rate is also derived using the assumption that the dose rate at the
surface of a sphere is one-half of the dose rate in the infinite
medium. The variation of electron dose rate with depth is
estimated using an integration of Berger's (13,14) point kernel
for an infinite slab offmite thickness with a semi-infinite source
on one side. An average electron dose to the wall was
calculated, as was a surface electron dose. Photon dose is
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MOdel Anatomic configuration Physiologicaspects Calculationalmethods Comments

A.

TABLE 2
Descriptive Details of Urinary Bladder Models for Dosimetry Calculations

2.

1. R,@= @/(2pV(t)) inc betadoserateis derivedfromthe
2. R@,:Derivedempiricallyusing@ assumptionthatthedose

MonteCarlocalculations rateat thesurfaceof a sphereis one
3. r=NA@ halfof thedoserateintheinfinite

medium
= @[1_e@ATv 1 _e@J4@Tv] 2. Cumulated activity is derived from the

A1+A ] whole-body retention curve and the

1. Ellipsoidof constant
(Revised) volume(bladdercontents):
(1978)(5) 202.6ml (200g)

2. Wallmass=45.13g
(volumeâ€”45.73ml)

3. WaIlthickness: constant in
timebutvariesgeometrically
accordingto position
relativeto ellipseaxes
(he.,thickestalongthe
directionof themajoraxis)

1. Ellipsoid with axes in ratio

of4:3:3Qeft-.nghtfront
back:top-bottom)

2. Volume range (bladder
contents):0-500ml

3. Wallmass: 45 g
4. Wall thickness: varies

geometricallyaccordingto
positionrelativeto ellipse
axes,thinningwith
increasingbladdervolume
tomaintaintheconstant
45-gmass

C. Diffeyand 1. Expandingsphere
Hilson (16') 2. Volume range (bladder

contents):not specified

D. Chenat al. 1. Expandingsphere
(M 2. Volumerange(bladder

contents):10-500ml

1.Activityinputisderived
from the whole-body
retentioncurve

2. Variable but regularly
spacedvoidintervals
traditionallytaken as 2.4 hr
or 4.8hr (correspondingto
10 or 5, respectively, _________
equallyspacedvoiding
timesovera 24-hrperiod)@@ = Sr

1. Urine volume entry rate

intothebladderU(t)=
0.69, 0.97, 1.39 mVmin
(1000, 1400, 2000 mVday)
Initialbladder contents
volumeV0= 20,40,60,
80%oftheregularvoid
volume

3. ResidualvolumeVr 0%,
10%, 20%, 30% â€œcarry
overâ€•fromregularvoid
volume

4. Uniformactivitydistribu
tionwithinbladdervolume

5. Voidingschedule:variable;
4, 7, 10 voids/day spaced
regularly

1.Urinevolumeentryrate
intobladderU(t)= 0.5â€”2.5
mVmin

2. Initialbladdercontents
volume,V0= 0 ml

3. ResidUalvolume@4= 0 ml
(complatebladdervoiding
as@

4. Uniform activity distribution

withinbladdercontents
5. Voidingschedule:regular

periodsfrom1 to 20hr
1. Urinevolumeentryrateinto 1. R@= @/(2pV(t))

bladderU(t)= 1.25mVmin2. R@= f'g@N(t)
2. Initialbladdercontents 3.@ = [6ir@V(t)]1'@39[@(t)]1/3

volume,V0= 10-500ml (in for @it(t)@ 1
steps)

3. ResidualvolumeV@was@ V(t)= ft
heldasafixedfraction
(0.07)of thebladder
volumeat thatvoidingtime . V0+I U(t)dt

4. Uniformactivitydistribution J0
withinbladder contents ,,

5.@ re

regularvoidingpenodsof3 fT <t<T
hrthereafter nâ€” â€”

5. A(t)= @e@t@@(1@e@'1)
S

â€”@ (1 _f1)A@1)e@(t_I)

describedregularvoidingschedule
model

3. No attempt is made to model the
physicaldynamicsof bladderfilling
andemptying

1. Thevariationof electrondoserate
with depth was estimatedusingan
integrationof Berger'spointkernelfor
an infiniteslab of finite thicknesswith
a semi-infinitesourceononeside;
thus, the averageelectrondose in the
wallwasCalCulatedaswellasthe
surfacedose

2. Theempiricalfunctionsfor photon
dose are expressedas a function of
energyat discrete intervals;thus,
interpolationis requiredfor the
specific radionudides

3. Photon dose for zero volumeis
calculatedas for a point source

1. Thephotondoserateisexpressed
similarto thatof ModelD but
containsa differentgeometricalfactor

2. Roentgen-to-redconversionfactorof
0.96 was used to convert the
exposurerate to dose rate

3. The dose rate for a given intervalwas
found by numericalintegrationusing
Simpson'srule

1. Boththeelectronandphotondose
ratesarecalculatedto the Inner
surfaceof the bladderwall only

B. Snyder
and Ford
(12)

1. R@= t@/(2pV(t))
2. D,@(v)= ae@' + be@:

Empiricalfunctionwith
coefficientsa, b, c, d derived
from a fit to Monte Carlo
calculationsasa functionof
volume,V

1. R@(standardassumption;
however,expressed
differently)

2. X(t)=
2rr I 1 â€”e_2@t)

3â€¢9s=-@-@lâ€” 2@.tr(t)

4. R@, = 0.96 X (t)/A(t)
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1â€”ej@Tv]XE 1

1=1

forTe t T@@1
6. D5/A@=@ 3.9F'A(t)

A@f [ [V(t)?3
0 A(t)]

+ â€˜@ 2pV(t) I



ModelAnatomic configurationPhysiologic aspectsCalculationalmethodsCommentsa

Dynamic1. Expandingsphere 1. Unne volume entry rate into1 . Doseto the innersurfaceof 1. Electron and photon dose ratesarebladder2.

Volumerange(bladderbladder U(t):variablethe bladderwalliscalculatedcalculated to the innersurfaceofthemodel
(thiscontents): 10-770mlcorresponding to threesimilarly to themethodofbladderwallreport)3.

Wallmass= 45g (volume
= 45 cm@)different

hydrationstates
with the nighthmeentryModel

D:R@,R@,@ 2. Electrondepthdosevaluesare
2. V(t)= V0+ fU(t)dt;0@ t@ calculatedfor thex@andx@4.

Wallthickness:Uniformrate being one-halftheT1(lst void)percentile distanceparametersthinning
asbladderdaytime rate:0.5(025),1.0V(t) = V@+fU(t)dt;contents
expand while(0.5), 1.5(0.75)ml. mm_ifor T@_1 tT@maintaining

a constant45(thy/night)mg
mass(45cm@) 2. Initialbladdercontents

volumeV0:10-500ml
3. ReSidUalvolume,V@10 ml;

fixedfollowingeachvoid
4. (a)Uniformactivity

distributionwithin bladder
contents
(b)Variableactivityrateof
entry into the bladder per
specific radiopharma
ceutical biologic data
(c)RadiOpharmaceUtiCal
administrationconstrained
to occurat 9:00am

5. Voidingschedule:variable
flrstvoidtimeT1:regular
voidingperiodof 3 hr
thereafterwiththe
exceptionof theshortened
period precedingthe 6-hr
nighttimegap(constrained
to beginat 12:00am)A(t)

= @e@At@a@(1â€”e@â€•)
J@

,j
@I[1

â€˜â€˜

. &r1)e_A(t_T@

forT@ t T@@1
4. D5/A,@:sameexpressionasfor

ModelD
5. Electrondoseat depthintothe

bladderwalliscalculated
usinganextensionof the
solutionfor pointsourcesto
sphericalvolumegeometry
x50,x90

TABLE 2
continued

Dose was calculated only for 99mTc@DTPA with a single
exponential input function assumed. The dose rate for a given
interval is found by numerical integration. The electron, photon
and total dose are plotted as a function of voiding interval for a
fixed filling rate. In addition, total dose is plotted as a function
of voiding interval for several filling rates.

Model D was developed by Chen et al. (4). The bladder is a
sphere of varying radii. The electron dose rate calculations
follow the standard assumptions of Model A. An analytic
expression is derived for the photon dose rate to the inner
surface of a sphere. The filling rate is assumed to be constant
with nonuniform voiding schedules possible. The model allows
for a fractional residual volume after each void. The activity
input is represented by an exponential function with one or
more components. Bladder wall doses for â€˜8F-FDGand 9@Tc
DTPA are calculated as separate functions of voiding interval,
residual urine fraction, urine production rate, or initial bladder
volume with other parameters specified (i.e., fixed) within a
given calculation. The authors also provide the total dose as a
function of first void time after radiopharmaceutical adminis
tration for several initial volumes. As an extension ofthis work,
Powell and Chen (1 7) calculated the absorbed dose as a
function ofdepth into the bladder wall. The dose from electrons
is estimated through approximation of the spherical source
volume by a large number of line segment sources. The dose
from each line source was estimated through integration of the
point source functions of Loevinger et al. (11 ) or Bochkarev et
al. (18). The dose from photons was estimated using the
specific gamma constant for the radionuclide studied and
geometrical factors from Loevinger et al. (11 ). The bladder wall
dose for the positron emitter@ 8F is presented along with

determinedusing a Monte Carlo technique for several discrete
bladder content volumes. Photon dose for zero volume is
calculated as for a point source. The bladder wall mass remains
fixed at 45 g, whereas the wall thickness decreases regularly
(maintainingthe 4:3:3 directionalratio) as the bladdervolume
increases. The filling rate is assumed to be constant. The
voiding schedules are uniform. The model allows for residual
volumes after voiding. The radionuclide input is an exponential
function of one or more components. The dose per photon
emitted is given as a function of bladder volume for several
discrete photon energies. These curves are fitted by two
component exponential functions, and the coefficients of the
curves are provided. Total dose to the bladder wall is tabulated
for intravenous injections of â€˜311-NaIand @mTc@pertechnetate
for three filling rates, three uniform voiding schedules and four
values of residual volume. Photon dose is presented separately
from both surface and average electron dose. In addition,
estimates are given for â€˜231-NaIfor the same filling rates and
voiding schedules without consideration of residual volume. In
a separatepaper, Smith and Warner (15) presented the bladder
dose reduction calculated from Model B for seven radionu
clides. Several parameters including voiding schedule (irregu
lar), effectivehalf-timeof the activityenteringthe bladderand
initial urine volume at time of injection are varied.

In Model C by Diffey and Hilson (16), the bladder is taken
as a sphere of variable radii. The electron dose rate to the
surface of the bladder wall is derived using the same assump
tions as those in Model A. The photon dose rate is derived
theoretically for the spherical volume. The filling rate is
assumed to be constant with uniform voiding intervals. The
model does not allow for residual urine volume after voiding.
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correlativeresultsfrom thermoluminescentdosimeterphantom
experiments.

Several publications not included in Table 2 are discussed
briefly. Unnikrishnan (19) described a bladder model involving
a sphere of variable radius. The electron dose rate at the surface
of the bladder contents volume (assumed to represent the
maximum dose rate) is derived from integration of Berger's
scaled absorbed dose distributions (13) to represent a spherical
volume source. The photon dose is taken directly from the work
of Snyder and Ford (12). The urine filling rate is constant with
an initially empt@ibladder assumed. Dose to the bladder wall is
calculated for â€˜@ I-OIH under the assumption of activity enter
ing the bladder either at a constant rate or instantaneously at
time zero. The electron and photon dose rates are given as a
function of final bladder volume for both sets of assumptions.

Dimitriou et al. (20) modified the model ofDiffey and Hilson
(16) for calculation of dose from 99mTccystography studies.
Here, the bladder volume increases only as a result of saline
flow, and all of the activity injected into the catheter is assumed
to be in the bladder during the entire filling phase. Complete
bladder emptying is assumed. The total dose to the bladder wall
is expressed as a function of filling time for a variety of filling
rates and for two different delay times between initiation of
saline flow and radionuclide injection.

Cloutier Ct al. (7) described a dynamic bladder model that
was used for calculating the dose to the fetus from activity in
the mother's bladder. Dose to the bladder wall was not
calculated. The ellipsoidal bladder is assumed to fill at a
constant rate to 300 ml and to be displaced downward as it fills.
Monte Carlo calculations are used to select time points at
random from the timeâ€”activity distribution in the bladder.
Because activity is assumed to enter the bladder linearly with
time and the volume of the bladder contents also increases
linearly with time, this Monte Carlo method weights the
calculation according to both activity and bladder size. The
activity in the bladder is calculated from the total-body reten
tion function, the excretion rate through the kidney, and the
time elapsed since the bladder was emptied. The model pro
vides for voiding intervals of equal or varied time periods. The
bladder is assumed to be completely emptied at each void.

Smith et al. (21 ) used the same geometric model and methods
for calculating electron and photon dose as Snyder and Ford
(12). The filling rate is taken as constant with a uniform voiding
schedule. Complete emptying is assumed at each void. Radio
nuclide input is represented by exponential functions with one
or more components. Total dose as a function of volume is
calculated for 3 1 radionuclides and fitted with three-component
exponential curves. A table of the coefficients for these curves
is provided. Dose to the bladder wall is expressed as a function
of bladder volume for â€˜311-OIHand 99mTc@DTPA.Dose to the
bladder wall is shown also as a function of bladder voiding
interval for several filling rates and for initial volumes of 0 and
100 ml.

DESCRIPTION OF ThE NEW DYNAMIC BLADDER
MODEL

The new model incorporates desirable features of the previ
ous methods while introducing innovations that take into consid
eration some of the complexities of the dynamic situation.

Anatomic Configuration

1. An expanding sphere model was modified from the
spherical model of Chen et al. (4) that facilitated descrip
tion by analytical techniques. X-ray images of a contrast
filled bladder demonstrate that the spherical approxima

tion is appropriate for relatively large bladder volumes
(4). For smaller volumes, the bladder assumesan irregular
shape deviating from both the spherical model and the
ellipsoidal configuration adopted in some of the previous
methods (Table 2). However, as Chen et al. (4) point out, the
dose to the bladder wall from nonpenetrating radiation (the
major fraction of total radiation dose) is relatively indepen
dent of the actual bladder shape.Thus, the accuracy of the
geometrical description at small volumes is not critical.

2. The volume range for the bladder contents was 10â€”770
ml. The upper bound of 770 ml results from the dynamic
physiologic aspects of the model as listed below, includ
ing maximum urine entry rate, initial volume and first
voiding time.

3. The wall was characterized to have uniform thinning with
bladder contents expansion while maintaining a constant
45-g mass (45 cm3) (9,12).

Physiologic Aspects

1. Variable urine volume entry rates into the bladder [U(t)]
corresponded to three different hydration states, consistent
with the expected normal daily urine output in the range of
1000â€”2000ml: 0.5, 1.0 and 1.5 ml/min. For the 6-hr
nighttime gap, the entry rate is reduced to one-half the
daytime rate; i.e., 0.25, 0.5 and 0.75 ml/min, respectively.

2. There was a variable activity rate of entry into the bladder
[A(t)]). Radiopharmaceuticals were evaluated according
to published biologic parameters. Table 3 contains phys
ical and biologic data for the various radiopharmaceuti
cals. Administration of the radiopharmaceutical was con
strained to take place at 9:00 am.

3. The initial bladder-content volume (V0) range was 10â€”
500 ml.

4. The residual bladder-content volume (Vr) was fixed at 10
ml following each void.

5. Activity was uniformly distributed within the urine.
6. The voiding schedule was as follows: first (initial) voiding

time (T1) was variable from 20 mm to 3 hr (evaluation of
this parameter for minimum dose is provided for each
radiopharmaceutical);3-hr void intervals following the
initial void with a shortened period leading up to midnight,
depending on the time available within the 3-hr sequence
pattern; and a 6-hr nighttime gap beginning at midnight.

Calculational Methods

1. Radiation dose to the inner surface ofthe bladder wall was
calculated using a modification ofthe expanding spherical
model of Chen et al. (4). (Refer to Table 1 for definition
of terms.)
Time-dependent bladder-content volume V(t), with radio
pharmaceutical administration taking place at time t = 0,
was:

V(t) = V0 + JU(t)dt: 0@ t < Ti(lsr void)

= Vr + U(t)dt; T@@ t < T@.

Time-dependent bladder contents activity A(t) was:

A(t) = @e_At@aj(l@

Eq. 1
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RadiopharmaceuticalPhysical

parametersBiolOgicparameters for thebladdercontents@@@y.kg/

MBq. @)
(36)F,

(mGy.cm2/
MBq. @)A (min@)Fraction*Rate

constant A1
(min1)Reference@18F.F@4.00

x 1O@4.13 x 1O@6.36 x 1O@ 22

TABLE 3
Physical and Biologic Parameters for the Radiopharmaceulicals Used in the Bladder Wall Dose Calculations

3.85X102
1.24x103
1.15X 10_2
1.25x iO@
1.92 x 1O@
4.10X iO@
5.42x 10-2
6.47x io-@
6.02X 1O@
5.42X 10_2
1.06 X 10_2
5.07x io-@
1.39x 1O@
2.lOx 10_2
3.47 X 10_2
4.81 x iO-@
1.30 x 1O@
3.02x 10-i
4.05 X 10_2
1.70x iO@
3.73X i0@
2.48x io-@
1.93 x 1O@
1.92 x lO@
4.lOx i0-@
1.65 x i0@
4.81X iO@
1.65x10@3
4.81x io-@
1.90 x i0@
7.41x 10-6
1.90 x 1O@
7.41X 10_6
2.95X lO@@
4.05 x 10_2
2.95X 10@
4.05x102
2.95X 10@
4.05 x 10_2
6.92x
6.88x105
6.92x io-@
6.88x 10@
1.93X 10@
2.41x io-@

*Forradiopharmaceuticalswithexcretionthroughtheurinarytractonly,thecoefficientsa@willbethesameasthosefor thetotalbody.
tReference from which the biologic parameterswere taken directly or derived through additional kinetic model analysis(the latter performed by the

RadiationInternalDose InformationCenter,Oak Ridge,TN).

@c-DWA

@â€˜Tc-pertechnetate

@1c-HEDP

@Â°â€˜@9'c-MDP

@c-HMPAO

@â€˜@â€˜Tc-glucoheptoriate

@â€˜Tc-MAG3

@Tc-HSA

@Tc-RBCs

@Tc-MlBl(rest)

@â€œTc-MlBl(stress)

@l-Nal

i3ilNal

@l-OlH

124l@lH

125l-iothalamate

iiilnDWA

0.19
0.06

2.59x 10_6 5.63x iO-@ 1.92X 10@ 0.579
0.421

2.59X 10_6 5.63X 1O@ 1.92X i0@ 0.328
0.306

2.59x 10_6 5.63x 10@ 1.92x 1O@ â€”0.0899
0.720
0.369

2.59x106 5.63x105 1.92x103 â€”0.115
0.566
0.549

2.59x106 5.63x105 1.92x103 0.24
0.13

2.59X 10_6 5.63x 1O@ 1.92X 10@ 0.35
0.30
0.35

2.59x 10_6 5.63x io-@ 1.92X 10@ 0.51
0.49

2.59x 10_6 5.63x io-@ 1.92X 1O@ 0.015
0.035
0.95

2.59x 10_6 5.63X 10@ 1.92X 10@ 0.90
0.0328
0.0306

2.59x 10_6 5.63x io-@ 1.92X 10@ 0.14
0.17

2.59x 10_6 5.63x 1O@ 1.92X 1O@ 0.10
0.20

4.51x 10_6 1.17x 10@ 8.75x i0@ 0.729
0.271

3.04 X iO@ 1.61 x 1O@ 5.99 x iO@ 0.729
0271

4.51X 10_6 1.17X 1O@ 8.75X@ 0.51
0.49

3.09x i0-@ 3.87X 1O@ 1.15X 1O@ 0.51
0.49

3.04X iO@ 1.61X 1O@ 5.99X iO@ 0.51
0.49

3.12X 10_6 1.03X 10@ 8.00X 10_6 0.99
0.01

5.56 X 10_6 2.31 X 10@ 1.70 X 1O@ 0.99
0.01

9.31x io-@ 3.36X 10_8 9.53x 10_6 0.18
0.42

23

24

25

25

26

27

WootenW.
persona! communica@on

28

29

30

30

31

31

32

32

32

33

34

35

ously voided. Physical decay for each term is included
through the exponential function containing the physical
decay constant.
Dose per unit administered activity to the bladder wall
inner surface was:

00

@/A0= (1/Ao)J[3.9F?A(t)N(t)2/3 + @A(t)/(2pV(t))]dt.

0

Eq. 3

â€” @: [1 â€” V,JV(Ti)]A(Ti)e@(t_h),

i= I

Eq. 2

where n is the void number (i.e., first void n = 1 and so
on). The first term of Equation 2 represents the input into
the bladder from the whole body. The expression after the
summation sign ofthe second term represents the activity
which leaves the bladder at void time T1. (The second
term is zero before the first void.) Thus, this second term
is the sum of administered activity that has been previ
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RadiOnUclIde x@(cm) x@(cm)

Bladdercontentsvolume(cm@)50

100300500 800

BladdermodelRadionuclideInitial

volume

V0
(m@Model

A
MIRD5 (Revised)(5)

Tim* brn@
(mm) (mGy/MBq)Model

B
SnyderandFord(12)Model

C
Diffeyand Hilson(16)

Tim*@
(mm) (mGy/MBi)Model

D
Chen at al. (4)This

report
(1.0@V.5mVmin)

Tim* D/@
(mm)(moy/MBq)Tim*

@
(mm) (mGy/MBq)Tim*

@
(mm)(mGy/MBq)18F-FDG

@im@ the inibal (first) void time which provides minimum dose for the given initial volume V0.

ExplanatorypointsforTim: (a)a valueof 40-80 indicatesthat the sameminimumdosevalueas shown in the adjacentcolumnwas obtainedfor Initialvoid
timesof40,60,80mm;(b)avalueof 140-180indicatesthatthesameminimumdosevaluewasobtainedfor initialvoidtimesfrom140outto 180mm;and
(c)avalueof 180+indicatesthattheminimumdosevaluecalculatedoccurredatthe180-mmvoidpointandIsthatvalueshownIntheadjacentcolumn.The
actual dose minimum may occur at longer initialvoid times.

TABLE 4
PercentileDistancewithin which 50% (x@ and 90% (x@Jof the

Electron Energy is Absorbed in the Bladder Wall (Soft Tissue)(13)*
For comparison, the bladder wall thickness as a function of

bladder-contents volume for the new model is prcMded below.

18F 0.038 0.0939
@â€˜@â€˜Tc 0.0090 0.0148

i231 0.0093 0.0166

i241 0.182 0.431

i3il 0.0285 0.0822

â€œValuesfor iBF 1241and i3il are taken directly from reference13.Values
for99mâ€¢rcandi231@ derivedfromresultsofReference13formonoenergetic
electronsand known abundancesof the emissionsof these nudides.

Bladderwallthickness(cmi) 0.55 0.38 0.20 0.14 0.11

tS@ical@shellbladder-wallvolumeremainsconstantat 45cm3.

Considerations leading to this analytic expression as
derived by Chen et al. (4) were described earlier in the
text and in Table 2 as Model D. The calculations as
performed by numerical integration were terminated when
the ratio of the dose in a given interval between voids to
the total dose including that interval was < 0.001%, i.e.,
D(nâ€”@n+ l)ID(lâ€”*n + 1) l0@.

2. Electron dose at depth into the bladder wall was deter
mined as follows. Depth dose characteristics for point
sources or discrete distributions of radionuclides may be
described through use of the percentile distance parame
ter, which denotes the fraction ofemitted energy absorbed
in a sphere of radius x around the source. Thus, x90 and
x50specify the distance from the source within which 90%
and 50%, respectively, of the energy is absorbed. The
values of these parameters, as given by Berger (13), for
some of the radionuclides evaluated in this report, are
given in Table 4. For beta emitters, the values are taken
directly from a previous report (13). For nuclides with a
series of electron emissions, the percentile distance values
are determined through consideration of the energies and
abundances of the various emissions and the values given
(13) for the individual energies. Formulas for extension of
these solutions for point sources to the spherical volume
source geometry assumed for the bladder are taken from a
previous report (14). Bladder size is determined at each
time step by solution of the time-dependent bladder
content volume expression (Eq. 1) using the optimal first
void time (as determined by average bladder-wall dose)
and three different values of initial volume. Integration of
the final expression is accomplished by use of the trape
zoidal integration method.

RESULTS
A variety of commonly usedradiopharmaceuticalswas stud

ied to provide a comparison among bladder wall dosimetry
models and to evaluate the new model. These include: 18F-FDG

TABLE 5
Comparison of the Absorbed Dose per Unit Administered Activity at the Bladder Wall Surface for the Various Models for Selected

Radiopharmaceuticals

10â€”â€”400.2240020400.23400.31200400.059600.081800.06560-800.084800.091500â€”â€”800.0491000.03880-1000.0511000.053@Tc-DTPA10

200
500â€”

60
â€”â€”

0.029
â€”60-80

120-140
140-1800.076

0.048
0.03560-80

140
160-1800.077

0.045
0.03360-80

120-140
160-1800.083

0.050
0.03780

160
180+0.099

0.055
0.041@â€˜Tc-MAG310

200
500â€”

20
â€”â€”

0.032
â€”20

40
600.11

0.046
0.03020

40-60
40-800.12

0.046
0.03020

40
600.12

0.049
0.03240

60
600.19

0.051
0.030i3ilNal10

200
500â€”

180+
â€”â€”

0.46
â€”180+

180+
180+0.81

0.78
0.76180+

180+
180+0.81

0.78
0.76180+

180+
180+0.86

0.84
0.81120

180+
180+0.93

0.78
0.74i23l@lH10

200
500â€”

20-40
â€”â€”

0.065
â€”20

40
600.18

0.073
0.04620

40-60
600.18

0.070
0.04320

40
60025

0.10
0.06840

60
600.38

0.10
0.061124l@jlH10

200
500â€”

20-40
â€”â€”

0.43
â€”20

40-60
601

.20
0.49
0.3020

40-60
601

.30
0.49
0.3020

40
40-801

.40
0.57
0.4140

60
802.15

0.56
0.32i3il@lH10

200
500â€”

20-40
â€”â€”

0.30
â€”20

60
601.00

0.35
0.2220

60
601.02

0.35
0.2220

40-60
60-801.20

0.43
0.2740

60
801.82

0.45
0.25
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Initial
volume

Radiophatmaceutical V0(ml)Bladder

fill rate
U(t)

(mVmin)Time

of
firstvoid
T1(mm)Absorbeddos&administeredactivitySurfaceAtx@At x@

iaFf3@ 100.5404.4E-018.7E-027.3E-03101
.0402.5E-014.8E-024.1E-03101
.5401.7E-013.4E-022.9E-032000.5808.6E-021

.7E-021.5E-032001
.0806.3E-021 .3E-021 .1E-032001
.5805.3E-021 .1E-029.1E-045000.51004.5E-029.2E-037.8E-045001

.01003.5E-027.OE-036.OE-045001
.51003.OE-026.OE-035.1E-04100.5801

.1E-011 .8E-021.4E-03101.0805.9E-029.1E-037.1E-04101

.5804.OE-026.1E-034.8E-042000.51604.6E-021
.6E-021.2E-032001

.01602.9E-028.1E-036.3E-042001
.516022E-025.4E-034.2E-045000.51803.3E-025.OE-033.9E-045001

.01802.1E-023.1E-032.4E-045001

.51801 .6E-022.3E-031.8E-04100.51003.4E-025.7E-034.6E-04101

.01001.8E-023.OE-0322E-04101.510012E-021.9E-031.5E-042000.518022E-0232E-032.6E-042001

.01801 2E-021 .9E-031.5E-042001

.51808.8E-031 .3E-031.OE-045000.51802.OE-023.OE-032.4E-045001

.01801 .1E-021 .7E-031.3E-045001

.51807.8E-0312E-0392E-05100.51208.4E-022.7E-0222E-03101

.01204.3E-021 .5E-021.2E-03101.51202.9E-021.1E-028.4E-042000.51804.3E-021

.7E-021.4E-032001
.01802.6E-021 .1E-028.6E-042001.51801.9E-028.1E-036.5E-045000.51803.6E-021

.6E-021.3E-035001
.01802.1 E-021.OE-027.8E-045001
.51801.5E-027.6E-035.9E-04100.51207.5E-023.OE-022.3E-03101.01203.8E-021.7E-021.3E-03101

.51202.6E-021.2E-029.5E-042000.51803.5E-021
.9E-021.5E-032001

.01802.1E-0212E-029.6E-042001

.51801.6E-029.3E-037.3E-045000.51802.7E-021
.8E-021.4E-035001

.01801 .6E-021.1E-028.9E-045001
.518012E-028.7E-036.8E-04100.5803.8E-025.9E-034.6E-04101

.0802.OE-023.OE-032.4E-04101
.5801 .4E-022.1E-031.6E-042000.51201

.7E-023.8E-033.OE-042001
.01201 .OE-021 .9E-031.5E-042001.51207.6E-031.3E-031.1E-045000.51801

.3E-021 .9E-031.5E-045001
.01807.5E-031.1E-038.9E-055001

.51805.7E-038.4E-046.5E-05100.5601
.1E-011 .6E-021.2E-03101

.0605.5E-028.2E-036.4E-04101
.5603.8E-025.6E-034.3E-042000.51003.8E-027.3E-035.7E-042001

.01002.3E-024.OE-033.1E-042001

.51001.8E-022.9E-032.3E-045000.51402.5E-028.OE-036.3E-045001

.01401 .6E-024.OE-033.1E-045001

.51401 .2E-022.7E-032.1 E-04

@c-DWA

@@â€˜Tc-pertechnetate

@Tc-HEDP

@1c-MDP

@c-HMPAO

@â€˜Tc-glucoheptonate

TABLE 6
Electron Depth: Dose p& Unit Mministered ActMty to the Bladder Wall at the Surface, x@ and x@
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Bladder
fill rateInitial Time of

14. Berger MJ. Beta-ray dosimetry calculations with the use ofpoint kernels in medical
radionuclides, radiation dose and effects, AEC Symposium Series No. 20. USAEC
Division of Technical Information, 1970.

15. Smith EM, Warner GO. Practical methods of dose reduction to the bladder wall. In:

Radiopharmaceutical dosimetry symposium. Oak Ridge, TN, April 26â€”29, 1976.
351â€”359.

16. Diffey B, Hilson A. Absorbed dose to the bladder form. @â€œTc-DTPA[Letter]. Br J
Radiol1976;49:196â€”198.

17. Powell GR, Chen C-T. Radiation absorbed dose to bladder walls from positron

emitters in the bladder content. Med Phys 1987;14:l079â€”1086.
18. Bochkarev VV, Radzievsky GB, Timofeev LV, Demiano DA. Distribution and

absorbed energy from a point beta-source in a tissue equivalent medium. mt J Appl
Radiat Isot 1972;23:493.

19. Unnikrishnan K. Dose to the urinary bladder from radionuclides in urine. Phys Med
Biol1974;19:329â€”340.

20. Dimitriou P. Fretzayas A, Nicolaidou P, et al. Estimates of dose to the bladder during
direct radionuclide cystography: concise communication. J Nucl Med 1984;25:792â€”
795.

21. Smith T, Veall N, Wotton R. Bladder wall dose from administered radiopharmaceu
ticals: the effects of variations in urine flow rate, voiding interval, and initial bladder
content. Radiat Prot Dosim 1982;2:183â€”189.

22. Jones 5, Alavi A, Christman D, Montanez I, Wolf A, Reivich M. The radiation
dosimetry of 2-[F-18]fluoro-2-deoxy-D-glucose in man. J Nucl Med 1982;23:613â€”
617.

23. Thomas 5R, Atkins ML, McAfee JG, et al. MIRD Dose Estimate Report No. 12:
radiation absorbed dose from Tc-99m diethylenetriaminepentaacetic acid (DTPA).
JNucl Med 1984;25:503â€”505.

24. LathropKA, Atkins HL, BermanM, et al. Summaryofcurrent radiationdoseestimates
to normal humans from Tc-99m as sodium pertechnetate. J Nucl Med 1976; 17:74â€”77.

25. Weber DA, Malder PT Jr, Watson EE, et al. Radiation absorbed dose from

technetium-99-labeled bone imaging agents. J Nucl Med 1989;30:1 117â€”1122.
26. Soundy RG, Tyrell DA, Pickett 1W, 5tabin MG. The radiation dosimetry ofTc- 99m

exametazime. Nucl Med Commun 1990;11:791â€”799.
27. Radiation dose to patients from radiopharmaceuticals (technetium-gluconate, glu

coheptonate). In: ICRP Publication No. 53. a report oflask Group ofCommittee 2 of
the International Commission on Radiation Protection. Elmsford, NY: Pergamon
Press, Inc.; 1988:193â€”194.

28. Radiation dose to patients from radiopharmaceuticals (technetium-labelled albumin
(HSA)).In: ICRPPublicationNo. 53:a reportof TaskGroupof Committee2 of the
International Commission on Radiation Protection. Elmsford, NY: Pergamon Press,
Inc.; 1988:173.

29. Radiation dose to patients from radiopharmaceuticals (technetium-labelled erythro
cytes). In: ICRP Publication No. 53: a report of Task Group of Committee 2 of the
International Commission on Radiation Protection. Elmsford, NY: Pergamon Press,
Inc.; 1988:209â€”210.

30. Radiation dose to patients from radiopharmaceuticals (technetium-labelled MIBI). In:
ICRPPublicationNo.62:a reportof TaskGroupof Committee2 of theInternational
Commission on Radiation Protection. Tarrytown, NY: Pergamon Press, Inc.; 1993:
21â€”24.

3 1. Berman M, Braverman LE, Burke J, et al, Summary ofcurrent radiation dose estimates
to humans from 1-123, 1-124, 1-125, 1-126, 1-130, 1-131, and 1-132 as sodium iodide.
J NuclMed 1975;16:857â€”860.

32. Lindmo T, Skeretting A, Nakken K. An examination ofdifferent mathematical models
for renal function as measured by â€˜311-hippuranrenography. Med Phys l974;l:193â€”
197.

33. Radiation dose to patients from radiopharmaceuticals (iothalamate). In: ICRP Publi
cation No. 53: a report oflask Group ofCommittee 2 ofthe International Commission
on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:315â€”316.

34. Radiation dose to patients from radiopharmaceuticals (indium-DTPA). In: ICRP
Publication No. 53: a report of Task Group of Committee 2 of the International
Commission on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:237â€”
240.

35. Radiation dose to patients form radiopharmaceuticals (strontium). In: ICRP Publica
tion No. 53: a report of Task Group of Committee 2 of the International Commission
on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:169â€”171.

36. Weber DA, Eckerman KF, Dillman LI, et al. MIRD: radionuclide data and decay
schemes. New York: The Society of Nuclear Medicine; 1989.

APPENDIX A
DTPA calculations for the various models are shown in Figures

Alâ€”A4and Tables Alâ€”A4.Calculations for the new model are
shown in Figures A5-A24 and Tables A5â€”A24.

TABLE 6
Continued

for dose to the bladder wall that are, in general, slightly less
than those given by the new model.

Each radiopharmaceutical has a unique timeâ€”activity curve
for bladder activity. This variability, when combined with a
nonuniform voiding schedule and analyzed in terms of initial
bladder volume and first bladder voiding time, may be used to
predict the optimum first voiding time and most desirable
hydration states. Large initial bladder volumes and higher rates
of urine flow into the bladder result in lower total bladder wall
dose. Earlier first voiding times do not necessarily result in
lower total bladder wall doses. In fact, the results indicate that
the optimum first voiding time is from 40 mm to 3 hr after
administration, depending on the radiopharmaceutical. The
optimum first void time (T1@)does not appear to be sensitive to
the model used.

Electron dose decreases rapidly with increasing depth in the
wall at a gradient determined by the electron energy spectrum.
For most nuclear medicine radiopharmaceuticals, 90% of the
energy is deposited within 0.1 cm of the bladder interior wall
surface. An exception is 124J,potentially a contaminant in 1231
Other high-energy beta emitters such as 90Y or other therapy
agents, however, might contribute a significant dose deep into
the bladder wall and possibly even into surrounding tissues.
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RadiopharmaceuticalInitial
volume
V0(mr)Bladder

fill rate
U(t)

(mVmin)lime

of
firstvoid
T1(mm)Absorbeddos&administered

(m(3y/f@q)activitySurfaceAt

x@Atx@18F-FDG

TABLE 6
Electron Depth: Dose per Unit AdministeredActivity to the Bladder Wall at the Surface,x@ and x@

100.5404.4E-018.7E-027.3E-03101
.0402.5E-014.8E-024.1E-03101

.5401.7E-013.4E-022.9E-032000.5808.6E-021
.7E-021.5E-032001.0806.3E-021.3E-021.1E-032001

.5805.3E-021 .1E-029.1E-045000.51004.5E-029.2E-037.8E-045001

.01003.5E-027.OE-036.OE-045001
.51003.OE-026.OE-035.1E-04100.5801

.1E-011 .8E-021.4E-03101
.0805.9E-029.1 E-037.1E-04101
.5804.OE-026.1E-034.8E-042000.51604.6E-021

.6E-021.2E-032001.01602.9E-028.1E-036.3E-042001

.516022E-025.4E-034.2E-045000.51803.3E-025.OE-033.9E-045001

.01802.1E-023.1E-032.4E-045001

.51801 .6E-022.3E-031.8E-04100.51003.4E-025.7E-034.6E-04101

.01001.8E-023.OE-032.2E-04101

.51001 2E-021 .9E-031.5E-042000.518022E-0232E-032.6E-042001

.01801 .2E-021 .9E-031.5E-042001

.51808.8E-031 .3E-031.OE-045000.51802.OE-023.OE-032.4E-045001.01801.1E-021.7E-031.3E-045001.51807.8E-0312E-0392E-05100.51208.4E-022.7E-0222E-03101

.01204.3E-021 .5E-021.2E-03101.51202.9E-021.1E-028.4E-042000.51804.3E-021

.7E-021.4E-032001
.01802.6E-021.1E-028.6E-042001.51801.9E-028.1E-036.5E-045000.51803.6E-021

.6E-021.3E-035001.01802.1E-021.OE-027.8E-045001

.51801.5E-027.6E-035.9E-04100.51207.5E-023.OE-022.3E-03101

.01203.8E-021 .7E-021.3E-03101

.51202.6E-021.2E-029.5E-042000.51803.5E-021
.9E-021.5E-032001

.01802.1E-021.2E-029.6E-042001

.51801.6E-029.3E-037.3E-045000.51802.7E-021
.8E-021.4E-035001

.01801 .6E-021 .1E-028.9E-045001

.518012E-028.7E-036.8E-04100.5803.8E-025.9E-034.6E-04101

.0802.OE-023.OE-032.4E-04101
.5801 .4E-022.1E-031.6E-042000.51201

.7E-023.8E-033.OE-042001
.01201 .OE-021 .9E-031.5E-042001
.51207.6E-031 .3E-031 .1E-045000.51801

.3E-021 .9E-031.5E-045001
.01807.5E-031.1E-038.9E-055001

.51805.7E-038.4E-046.5E-05100.5601
.1E-011 .6E-0212E-03101

.0605.5E-028.2E-036.4E-04101
.5603.8E-025.6E-034.3E-042000.51003.8E-027.3E-035.7E-042001.01002.3E-024.OE-033.1E-042001

.51001.8E-022.9E-032.3E-045000.51402.5E-028.OE-036.3E-045001

.01401 .6E-024.OE-033.1E-045001.514012E-022.7E-032.1E-04

@Tc-DTPA

@â€œTc-pertechnetate

@9c-HEDP

@rc-MDP

@rc-HMPAO

@â€œTc-glucoheptonate
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Initial
volume

Radiopharmaceutical V0(ml)Bladder

fill rate
U(t)

(mVmin)Time

of
firstvoid
T1(mm)Absorbeddose/administered

(m@@activitySurfaceAt

x@At x@

@â€˜@Tc-MAG 10 0.5 40 2.3E-01 3.2E-02 2.5E-03
10 1.0 40 1.2E-01 1.8E-02 1.4E-03
10 1.5 40 8.7E-02 1.2E-02 9.7E-04

200 0.5 60 3.8E-02 7.3E-03 5.7E-04
200 1.0 60 2.7E-02 4.6E-03 3.5E-04
200 1.5 60 2.3E-02 3.4E-03 2.7E-04
500 0.5 60 2.2E-02 4.5E-03 3.5E-04
500 1.0 60 1.5E-02 2.6E-03 2.OE-04
500 1.5 60 1.2E-02 2.OE-03 1.6E-04

@Tc-HSA 10 0.5 120 3.8E-03 7.OE-04 5.4E-05
10 1.0 120 2.OE-03 32E-04 2.7E-05
10 1.5 120 1.4E-03 2.3E-04 1.8E-05

200 0.5 180 2.9E-03 4.3E-04 3.5E-05
200 1.0 180 1.6E-03 2.4E-04 I .9E-05
200 1.5 180 1.1E-03 1.7E-04 1.3E-05
500 0.5 180 2.7E-03 4.3E-04 3.2E-05
500 1.0 180 1.4E-03 2.2E-04 1.7E-05
500 1.5 180 1.OE-03 1.5E-04 1.2E-05

@Tc-RBCs 10 0.5 100 1.6E-02 2.7E-03 2.2E-04
10 1.0 100 8.3E-03 1.4E-03 1.1E-04
10 1.5 100 5.6E-03 9.2E-04 7.OE-05

200 0.5 180 1.2E-02 1.9E-03 1.5E-04
200 1.0 180 6.5E-03 1.OE-03 7.8E-05
200 1.5 180 4.6E-03 7.OE-04 5.4E-05
500 0.5 180 1.1E-02 1.8E-03 1.4E-04
500 1.0 180 6.1E-03 9.5E-04 7.3E-05
500 1.5 180 4.2E-03 6.5E-04 5.IE-05

@â€œTc-MlBl(rest) 10 0.5 100 1.5E-02 2.6E-03 2.1E-04
10 1.0 100 7.9E-03 1.3E-03 1.OE-04
10 1.5 100 5.4E-03 8.6E-04 6.8E-05

200 0.5 180 1.OE-02 1.6E-03 12E-04
200 1.0 180 5.8E-03 8.6E-04 6.8E-05
200 1.5 180 4.1E-03 6.2E-04 4.9E-05
500 0.5 180 9.6E-03 1.5E-03 12E-04
500 1.0 180 5.2E-03 7.8E-04 6.2E-05
500 1.5 180 3.6E-03 5.4E-04 4.3E-05

@â€œTc-MlBl(stress) 10 0.5 100 1.3E-02 2.3E-03 1.8E-04
10 1.0 100 6.9E-03 1.1E-03 1.OE-04
10 1.5 100 4.7E-03 7.6E-04 5.9E-05

200 0.5 180 9.2E-03 1.4E-03 1.1E-04
200 1.0 180 5.1E-03 7.8E-04 5.9E-05
200 1.5 180 3.6E-03 5.4E-04 4.3E-05
500 0.5 180 8.5E-03 1.3E-03 1.OE-04
500 1.0 180 4.6E-03 7.OE-04 5.4E-05
500 1.5 180 3.2E-03 4.9E-04 3.8E-05

msl@Nal 10 0.5 100 1.5E-01 3.1E-02 2.7E-03
10 1.0 100 7.5E-02 1.5E-02 1.3E-03
10 1.5 100 5.OE-02 9.5E-03 8.6E-04

200 0.5 180 1.1E-01 1.8E-02 1.6E-03
200 1.0 180 5.7E-02 9.5E-03 8.6E-04
200 1.5 180 4.OE-02 6.8E-03 5.9E-04
500 0.5 180 9.8E-02 1.7E-02 1.5E-03
500 1.0 180 52E-02 8.9E-03 7.8E-04
500 1.5 180 3.6E-02 62E-03 5.4E-04

131l-Nal 10 0.5 120 1.6E-00 3.OE-01 2.4E-02
10 1.0 120 7.9E-01 1.5E-01 1.2E-02
10 1.5 120 5.3E-01 1.OE-01 8.1E-03

200 0.5 180 1.3E-00 3.OE-01 2.4E-02
200 1.0 180 6.6E-01 1.6E-01 1.2E-02
200 1.5 180 4.5E-01 1.1E-01 8.6E-03
500 0.5 180 1.2E-00 3.OE-01 2.3E-02
500 1.0 180 6.2E-01 1.5E-01 I .2E-02
500 1.5 180 4.3E-01 1.OE-01 8.1E-03
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Radiopharmaceuticallnftial
volume
V0(ml)Bladder

fill rate
U(t)

(mVmin)lime

of
firstvoid
T1(mm)Absorbeddose/administered

(fl@(3Ã˜@)activitySurfaceAt

x@Atx@msl@OlH10

10
10

200
200
200
500
500
5000.5

1.0
1.5
0.5
1.0
1.5
0.5
1.0
1.540

40
40
60
60
60
60
60
604.2E-01

2.3E-01
1.6E-01
7.3E-02
5.1E-02
4.2E-02
4.2E-02
2.9E-02
2.3E-026.5E-02

3.5E-02
2.5E-02
12E-02
8.1E-03
6.6E-03
7.3E-03
4.6E-03
3.7E-035.7E-03

32E-03
2.2E-03
1.1E-03
7.3E-04
5.9E-04
6.5E-04
4.1E-04

32E-04124l@lH10

10
10

200
200
200
500
500
5000.5

1.0
1.5
0.5
1.0
1.5
0.5
1.0
1.540

40
40
60
60
60
80
80
803.1E-00

1.6E-00
1.1E-00
5.4E-01
3.7E-01
3.OE-01
2.7E-01
2.OE-01
1.7E-014.6E-01

2.5E-01
1.7E-01
8.9E-02
6.OE-02
4.9E-02
4.9E-02
32E-02
2.7E-022.OE-02

1.1E-02
7.6E-03
4.OE-03
2.7E-03
22E-03
22E-03
1.5E-03
1.3E-03131l@lH10

10
10

200
200
200
500
500
5000.5

1.0
1.5
0.5
1.0
1.5
0.5
1.0
1.540

40
40
60
60
60
80
80
803.OE-00

1.6E-00
1.1E-00
5.4E-01
3.7E-01
3.OE-01
2.7E-01
2.OE-01
1.7E-016.5E-01

3.5E-01
2.4E-01
12E-01
8.4E-02
6.8E-02
6.8E-02
4.3E-02
3.8E-025.1E-02

2.7E-02
1.9E-02
1.OE-02
6.5E-03
5.4E-03
5.4E-03
3.5E-03
3.OE-03

TABLE 6
Continued

(22), 9@Tc-DTPA (23), 9@Tc-pertechnetate (24), @Tc
HEDP (25), 9@Tc-MDP (25), 9@Tc-HMPAO (26), 9@Tc
glucoheptonate (27), 9@Tc-MAG3 (Wooten W, St. Agnes
Medical Center, Fresno, CA, personal communication), 9@'Tc
HSA (28), 9@Tc-RBCs (29), 9@Tc-sestamibi (rest and stress)
(30), â€˜231-NaI(31), 1311-NaI (31), 1231-OIH (32), â€˜241-OIH
(32), 1311-OIH (32), â€˜251-iothalamate(33), 1111n-DTPA (34)
and 895r-SrCl (35). The biological parameters for these radio
pharmaceuticals were taken or derived from the references cited
(Table 3).
â€” The radiation absorbed dose per unit administered activity

D/A@to the inner bladder wall surface was calculated for each
radiopharmaceuticalas a function of initial bladder contents
volume (V0) and first void time (T1). As a function of these
parameters, families of dose curves as well as tabular data were
generated for each model. For the previously published models
(Table 2), 3-hr voiding intervals were assumed after the variable
first void time. In the Appendix, Figures Alâ€”A4 provide
examplesof the @â€˜@Tc-DTPAresultsfor thesemodelswith the
calculations presented in Tables Alâ€”A4.

Similar calculations for the new model are shown in Figures
A5â€”A24and are presented in Tables A5â€”A24.For the figures,
only the results for a bladder urine input function U(t) = 1.0/0.5
mi/mm (day/night) are shown. The tables provide data for the
other entry rates evaluated (i.e., 0.5/0.25 and 1.5/0.75 mI/mm).
Examples of the bladder activity curves for two radiopharma
ceuticals are shown in Figures A25 and A26 for U(t) = 1.0/0.5
ml/min, Vo = 100 ml and T1 = 60 mm.

A comparison of the absorbed dose per unit administered
activity at the bladder wall inner surface is contained in Table
5 for all models for selected radiopharmaceuticals. Values are

given for the initial void time which results in minimum dose
(T1,@Jfor the initial bladder volume specified.

Table 6 provides the electron absorbed dose per unit admin
istered activity at the bladder wall surface and at the distances
x50 and x@ as calculated by the new model for selected
radiopharmaceuticals for three different V0and U(t) values. The
first void times representthe optimal first void time (T1m as
determined by the surface dose evaluation) or a value close to
that. Figures A27 and A28 show examples of the electron dose
per unit administered activity as a function of distance into the
bladder wall for â€˜8FFDG and @â€˜@Tc-DTPAunder selected
conditions.

DISCUSSION AND CONCLUSION
The published models for urinary bladder wall dose have

provided a useful framework for development of the new
comprehensive dynamic bladder model. Provisions for an
expanding/contracting bladder with variable initial volume, first
void time and rate ofurine entry, along with options for residual
volume allow a more detailed understanding of bladder wall
dosimetry than offered by the MIRD 5 (Revised) model.

Inspection of the comparative results in Table 5 for selected
radiopharmaceuticalsindicatesthat the new model tendsto give
the highest dose to the bladder wall surface; however, the
results are essentially similar to those provided by the model of
Chen et al. (4) (Model D). When compared with the MIRD 5
(Revised) (Model A) for an initial volume of 200 ml, values for
the new model are approximately 57% higher (range 30%â€”83%
higher). The Snyder and Ford (12) (Model B) and Diffey and
Hilson (16) (Model C) models provide roughly identical results
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14. Berger Mi. Beta-ray dosimetry calculations with the use ofpoint kernels in medical
radionuclides. radiation dose and effects, AEC Symposium Series No. 20. USAEC
Division of lechnical Information, 1970.

15. Smith EM, Warner GO. Practical methods of dose reduction to the bladder wall. In:
Radiopharmaceutical dosimetry symposium. Oak Ridge, TN, April 26â€”29, 1976.
351â€”359.

16. Diffey B, Hilson A. Absorbed dose to the bladder form. @â€œIc-DIPA[Letter]. Br J
Radiol 1976;49: 196â€”198.

17. Powell GR, Chen C-I. Radiation absorbed dose to bladder walls from positron
emitters in the bladder content. Med Phys 1987;14:1079â€”1086.

18. Bochkarev VV, Radzievsky GB, Iimofeev LV, Demiano DA. Distribution and
absorbed energy from a point beta-source in a tissue equivalent medium. mt J App!
Radiat Isot 1972;23:493.

19. Unnikrishnan K. Dose to the urinary bladder from radionuclides in urine. Phys Med
Biol1974;19:329â€”340.

20. Dimitriou P, Fretzayas A, Nicolaidou P, et al. Estimates of dose to the bladder during
direct radionuclide cystography: concise communication. J Nucl Med 1984;25:792â€”
795.

21. Smith I, Veall N, Wotton R. Bladder wall dose from administered radiopharmaceu
ticals: the effects of variations in urine flow rate, voiding interval, and initial bladder
content. Radiat Prot Dosim 1982;2:183â€”189.

22. Jones 5, Alavi A, Christman D, Montanez I, Wolf A, Reivich M. The radiation
dosimetry of 2-(F-18]fluoro-2-deoxy-D-glucose in man. J Nucl Med 1982;23:613â€”
617.

23. Thomas SR, Atkins HL, McAfee JO, et al. MIRD Dose Estimate Report No. 12:
radiation absorbed dose from Ic-99m diethylenetriaminepentaacetic acid (DTPA).
J Nucl Med 1984;25:503â€”505.

24. Lathrop KA, Atkins HL, Berman M, et al. Summary ofcurrent radiation dose estimates
to normal humans from Ic-99m as sodium pertechnetate. JNuclMed 1976;17:74â€”77.

25. Weber DA, Makler PT Jr, Watson EE, et al Radiation absorbed dose from
technetium-99-labeled bone imaging agents. J Nucl Med 1989;30:l 117â€”1122.

26. Soundy RG, lyrell DA, Pickett PD, Stabin MG. The radiation dosimetry oflc- 99m
exametazime. Nucl Med Commun 1990;ll:791â€”799.

27. Radiation dose to patients from radiopharmaceuticals (technetium-gluconate, glu
coheptonate). In: ICRP Publication No. 53. a report oflask Group ofCommittee 2 of
the International Commission on Radiation Protection. Elmsford, NY: Pergamon
Press, Inc.; 1988:193â€”194.

28. Radiation dose to patients from radiopharmaceuticals (technetium-labelled albumin
(HSA)). In: ICRP Publication No. 53: a report of Task Group of Committee 2 of the
International Commission on Radiation Protection. Elmsford, NY: Pergamon Press,
Inc.;1988:173.

29. Radiation dose to patients from radiopharmaceuticals (technetium-labelled erythro
cytes). In: ICRP Publication No. 53: a report of lask Group of Committee 2 of the
International Commission on Radiation Protection. Elmsford, NY: Pergamon Press,
Inc.;1988:209â€”210.

30. Radiation dose to patients from radiopharmaceuticals (technetium-labelled MIBI). In:
ICRPPublicationNo.62:a reportoflask GroupofCommittee2 ofthe International
Commission on Radiation Protection. larrytown, NY: Pergamon Press, Inc.; 1993:
21â€”24.

31. Berman M, Braverman LE, Burke J, et al, Summary ofcurrent radiation dose estimates
to humans from 1-123, 1-124, I-125, 1-126, 1-130, 1-131, and 1-132 as sodium iodide.
J NucIMed 1975;16:857â€”860.

32. Lindmo I, Skeretting A, Nakken K. An examination ofdifferent mathematical models
for renal function as measured by â€˜311-hippuranrenography. Med Phys l974;l :193â€”
197.

33. Radiation dose to patients from radiophannaceuticals (iothalamate). In: ICRP Publi
cation No. 53: a report oflask Group ofCommittee 2 ofthe International Commission
on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:315â€”316.

34. Radiation dose to patients from radiopharmaceuticals (indium-DTPA). In: ICR2
Publication No. 53: a report of Task Group of Committee 2 of the International
Commission on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:237â€”
240.

35. Radiation dose to patients form radiopharmaceuticals (strontium). In: ICRP Publica

tion No. 53: a report of lask Group of Committee 2 of the International Commission
on Radiation Protection. Elmsford, NY: Pergamon Press, Inc.; 1988:169â€”171.

36. Weber DA, Eckerman KF, Dillman LI, et a). MJRD: radionuclide data and decay
schemes. New York: The Society of Nuclear Medicine; 1989.

APPENDIX A
DTPA calculations for the various models are shown in Figures

Alâ€”A4and Tables Alâ€”A4.Calculations for the new model are
shown in Figures A5-A24 and Tables A5â€”A24.

for dose to the bladder wall that are, in general, slightly less
than those given by the new model.

Each radiopharmaceutical has a unique timeâ€”activitycurve
for bladder activity. This variability, when combined with a
nonuniform voiding schedule and analyzed in terms of initial
bladder volume and first bladder voiding time, may be used to
predict the optimum first voiding time and most desirable
hydration states. Large initial bladder volumes and higher rates
of urine flow into the bladder result in lower total bladder wall
dose. Earlier first voiding times do not necessarily result in
lower total bladder wall doses. In fact, the results indicate that
the optimum first voiding time is from 40 mm to 3 hr after
administration, depending on the radiopharmaceutical. The
optimum first void time (T1@)does not appear to be sensitive to
the model used.

Electron dose decreases rapidly with increasing depth in the
wall at a gradient determined by the electron energy spectrum.
For most nuclear medicine radiopharmaceuticals, 90% of the
energy is deposited within 0.1 cm of the bladder interior wall
surface. An exception is 1241potentially a contaminant in 1231.
Other high-energy beta emitters such as @Â°Yor other therapy
agents, however, might contribute a significant dose deep into
the bladder wall and possibly even into surrounding tissues.
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FiGUREAl. MOdelA [MIRDPampletNo.5 ReviSed(5)], @c-DTPA.Dose
per unitadministeredactivityto the unnarybladderwallsurfaceas a function
of firstvoidtime(Ti)(constantvolume).UrineentryrateU(t)= 1.25mVmin
(constantatalltimes).Voidingschedule= every3hrafterinitialvoid,10voids
totalincludedinthedosecalculationandnonighttimegap.

0.03

FIGUREA2. Model B [Snyderand Ford (12)], @Tc-DTPA.Dose per unit
administeredactivityto theunnarybladderwallsurfaceasa functionof first
voidtime @r1)forvahousvaluesof initialbladdercontents(Vs).Urineentryrate
U(t)andvoidingschedulewerethesameasthosein FigureAl.

FIGUREA3. MOdelC [Diffeyand Hilson(16)], @rc-DWADose per unit
administeredactivity to the unnarybladderwall surfaceas a funCtiOnof first
voidtime(11)forvatiousvaluesof initialbladdercontents(Vs).Urineentryrate
U(t)andvoidingschedulewerethesameasthosein FigureAl.

FiGURE A4. Model D [Chen et al. (4)j, @rc-DTPA.Dose per unit adminis
teredactivityto theurinarybladderwallsurfaceasafunctionoffirstvoidtime
(r1)forvariousvaluesof initialbladdercontents(Vs).UnneentryrateU(t)and
voidingschedulewerethesameasthosein FigureAl.
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: . :@ .@@ V0(ml)I@ :::@@@ â€”@--@-@@ @10

j005!@

t@ 0.04@@

0.03 â€” @â€”â€”--â€”f-â€”-â€”â€”â€”1â€”â€”@ 1@@@

0 20 40 60 80 100 120 140 160 180

Firstvoid Time(mm)

TABLE Al
Technetium-99m-DTPADose per Unit AdministeredActivity to the Bladder Wall Surface (mGy/MBq) Model A: MIRD, 1978 (5)
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Firstvoid time(mm)V0(ml)20406080100120140160180100.0840.0780.0760.0760.0770.0790.0810.0840.088500.0780.0700.0650.0630.0630.0640.0660.0680.0711000.0750.0650.0600.0570.0560.0560.0570.0590.0612000.0700.0610.0540.0510.0490.0480.0480.0490.0505000.0620.0530.0460.0420.0380.0370.0350.0350.035V0

= initialBIadderVolume(ml).

Firstvoidtime(mm)V0(ml)20406080100120140160180100.0850.0790.0770.0770.0780.0800.0820.0840.087500.0780.0700.0650.0630.0630.0640.0650.0670.0691000.0740.0650.0590.0560.0550.0550.0550.0560.0582000.0690.0600.0530.0490.0470.0460.0450.0460.0465000.0610.0510.0450.0400.0370.0350.0340.0330.033V0

= initialbIaddervolume (ml).

Firstvoid time(mm)V0(ml)20406080100120140160180100.0910.0850.0830.0830.0840.0860.0890.0910.094500.0850.0760.0710.0690.0680.0690.0710.0730.0751000.0810.0710.0640.0610.0600.0600.0610.0620.0642000.0760.0650.0580.0540.0510.0500.0500.0510.0525000.0660.0560.0490.0440.0410.0390.0380.0370.037V0

= initialbIaddervolume (ml).

TABLE A2
Technetium-99m-DTPADose per Unit Administered Activity to the Bladder Wall Surface (mGy/MBci)

Model B: Snyder and Ford (12)

TABLE A3
Technetium-99m-DTPA Dose per Unit Administered Activity to the Bladder Wall Surface (mGy/MBq)

MOdelC: Diffey and Hilson (16')

TABLE A4
Technetium-99m-DTPADose per Unit Administered Activity to the Bladder Wall Surface (mGy/MBq)

Model D: Chen at al. (4)
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F-18FDG
Dose per Unit Administered Activity to the Bladder Wall Surface (mGylMBa)

Biaddit Filling Rats: 1.0 mlhnln (day). 0.5 mllmln (nIght)
V0:InItialBladdsrVolun*(ml)

040@ -@@ â€” - -@ V0(ml)

t .@ :::
0.30 . . . . â€”e--ioo

@ . .I':::@
. . ,@ â€”0â€”450

0.00 .@@@ .@ -@@@@@@@ .@ , â€”9â€”500

0 20 40 60 80 100 120 140 160 180

FirstvoIdThne (mm)

Tc-99m HEDP
Dose per Unft Adminlstersd Activity to the Bladder Wall Surface (mGylMBq)

Bladdsr FIllIng Rat: 1.0 ml#mln (day). 0.5 mllmln (nIght)
V0: lnftlal Bladdr Volum (ml)

0.09 - - - . - . - .@ v0 (ml)

- - - -@

I :::@ E!@:

@@ @T@2!@:

0 20 40 60 80 100 120 140 160 180

First VoIdTime (mm)

FIGUREA5. Newmodelfor 18F-FDG.Dose per unitadministeredactivityto
the unnarybladderwall surface.

FIGUREA8. New model for@Tc-HEDP. Dose per unit admmnmstered aCtiVity
to theurinarybladderwallsurface.

Tc-99m DTPA
Doss per Unit Administered Activity to the Bladder Wall Surface (mGyiMBq)

Bladda, FIllIng Rat: 1.0 mVmin (day), 0.5 mUmln (nIght)
V0: initial BladderVolums(ml)

0.12 - â€”â€”-â€”â€”V0 (ml)

â€”.â€”10

â€”.â€”50

â€”4â€”100

â€”Xâ€”150

â€”*â€”200

â€”0â€”2@0

â€”+--300

â€”350

I â€”--400

â€”0-450

â€”0â€”500

TC-99m MDP
Dose per Unft Administered Activity to the Bladder Wall Surface (mGylMBq)

Bladd.r Filling Rate: 1.0 mllmln (day), 0.5 mllsnIn (nIght)
V0: WtlnI Bl.dd.r VnIum (ml)

0.08 . - . - - v0 (ml)

!@;OO5I @:-:ii:ii:i@@

r@@ â€˜â€”:iiit::::
c@ 0.04 . â€”400

: â€”0-450

0.03 . I .@ .@ â€”9â€”500

0 20 40 60 80 100 120 140 160 180

Flist Void TIme (mln)

0.10

!g 0.08

@@ 0.06

@ 0.04
@... . â€”m--â€”-â€”@

0.02

0 20 40 60 80 100 120 140 160 180

FIrstVoid Time (mln)

Tc-99m Pertechnetate
Dose per Unft Administered ACtiVIty to the Bladder Wali Surface (mGyIMBq)

Bimldr Filling Rats: 1.0 mllmln (dy), o.a mllmln (nIght)
V0: InItial Bladdr Volun* (ml)

0.033@ - - . . : - â€¢@ v0 (ml)

@ . - . - -@

@ 0 030@@ â€”0--â€¢@ U 50
< j !;;z:@â€”_@.@ - -@@ â€”e--100

!@@ .@@

!@ 0.027@@@ â€”xâ€”200
II@@@@ -0-250t&@Ei@@ e@@

0 20 40 60 80 100 120 140 160 180

First VoId Time (mm)

Tc-99m HMPAO
Dose per Unit Admlnlatrsd ACtIVIty to the Bladder Wail SurfaCe (mGyIMBq)

BImldsr FillIng RMS: 1.0 mumln (day). 0.5 mI/mln (nIght)
V0: InItinI BladdarVolum. (ml)

10015@
@ : . - :@ â€”0â€”450

@ -@ .@ , . .@ .@ .@ .@ .@ â€”9â€”500

0 20 40 60 80 100 120 140 160 180

FIrstVoId lime (mm)

FIGUREA6.Newmodelfor@rc-DTPA. Doseper unitadminmsteredactivity FIGUREA9.Newmodelfor @c-MDP.Dose per unitadministeredactivity
to the urinarybladderwall surface. to the urinarybladderwall surface.

FIGUREA7. New model for @Tc-pertechnetate.Dose per unit adminis- FIGUREAlO. New model for @â€˜Tc-HMPAO.Dose per unit administered
teredactiVityto theurinarybladderwallsurface. activityto theurinarybladderwallsurface.
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Tc-99m MIBI (Rest)
Dose per Unft Administered ACtIVItYto the Bladder Wall Surface (mGy!MBq)

Blsdd.i FINIng Rats: 1.0 mUmln (day). 0.5 mllinIn (nIght)
V0: kildal Bladdst Volume (ml)

v0 (ml)
-0â€” 10

â€”5â€”50

-4-- 100

â€”xâ€”150

â€”*â€”200

â€”0â€”250
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â€”350

â€” 400

â€”0-450

â€”0â€”500

0 20 40 60 80 100 120 140 160 180

Tc-99m RBCs
Doae per Unit Administered Activity to the Biadder Wali Surface (mGy/MBq)

Bladdr FillIng Rats: 1.0 mlhain (day), 0.6 nwinIn (night)
V0: @iltlalBl.ddsr Volunm(ml)

v0 (ml)
â€”0--10

â€”.â€”50

â€”*â€”-100

â€”xâ€”150

â€”*â€”200

â€”o--250

â€”+â€”300

â€”350

â€”400

â€”0â€”450

â€”0â€”500

Tc-99m Glucoheptonate
Dose per Unit Administered ACtIVItY to the Biaddr Wall Surface (mGyIMBq)

Bladder FillIng Kata: 1.0 mltmln (day), 0.5 mlflnIn (nIght)
V0: htltl@ Blmldw Volums (ml)

0.12 - - . - . . . - v0 (ml)

@ 010@@

@@@ .@@

If@@
0 20 40 60 80 100 120 140 160 180

FirstvoedTime(mEn)

.@@

I

<0

a

0 20 40 60 80 100 120 140 160 180

First VoId Time (mEn)

Tc-99m MAG3
Doee per Unit Administered ACtIVItY to the Bladder Wall Surface (mGylMBq)

BI.dd.r Filling Rat.: 1.0 milinIn (day). 0.5 mI/mln (night)
V@:lnltl@ Bladdw Volum (ml)

v0(ml)
-.â€” 10

â€”U----50

-4â€”100

â€”xâ€”150

â€”Zâ€”200

â€”0â€”2@0

â€”+â€”300

â€”350

â€”â€”â€”400

â€”0â€”450

â€”9â€”500

0.014
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I 0.25
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t@ 0.05

0.00

0.013
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Tc-99m HSA
Doss psr Unit Administered Actlvfty to the Bladder Wall Surface (mGy/MBq)

BIadd@ Filing Rat.: 1.0 ml/mln (day). o.a mllinIn (night)
Vâ€¢:kvld@Bladdsr VnIum (ml)

00037 - - - .â€”_. . . - . . v0 (ml)

@@ . .@

I1@EEt@
1!.0.0029@@ +:::
â€˜@ 0.0027 :@

0.0025 â€”-@.@.@- .@-@-@.@. â€”0â€”500

0 20 40 60 80 100 120 140 160 180

Flratvo@ciTIme(mEn)

Tc-99m MIBI (Stress)
Does per UnIt Admlnlstsrsd ActivIty to the Bladder Wall Surface (mGy/MBq)

Blmldsr PiNing Rats: 1.0 mlllnln (dy), 0.5 mlIinIn (nIght)
V@:ktltlal Bladdar VolUme (ml)

0.013 . . . . . . . . v0 (ml)

@ : . . : â€˜ :

I 0.012@ ..@
J.. @i@E@;:I:ITâ€”â€•--------â€•â€”â€”1

@ â€¢@ e_'â€¢@@@x@

0 20 40 60 80 100 120 140 160 180

First VoId lime (mEn)

FIGUREAll. New model for @rc-glucoheptonate.Dose per unitadmin- FIGUREA14. New model for @rc-RBCs.Dose per unit administered
msteredaCtiVityto the unnarybladder wall surface. actiVityto the unnarybladderwall surface.

FiGURE A12 New model for @c-MAG3.Dose per unit administered FIGURE A15. New model for @c-MlBl(rest). Dose per unit administered
actiVityto the unnarybladderwall surface. actjv@@yto the urinarybladderwall surface.

FIGUREAl@Newmodelfor@c-HSA Doseper unitadministeredactiVity F1GUREAI&Newmodelfor@c-MlBl (stress).Doseper unitadministered
to theurinarybladderwallsurface. actMtyto theurinarybisdderwallsurface.
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i-123 Nai
Dose per UnIt Administered ActivIty to the Bladder Wail Surface (mGyIMBq)

Blmlder Filling Rats: 1.0 mI/mm (day), 0.5 mI/isln (night)
V0: InItial Bimldr Volurn (ml)

0.15@ . . . -__â€” - . â€”@â€”__. v0 (ml)

- . , . -0-10
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@ . I â€¢@ : â€”5--------____--â€”-5
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First VoIdTime (mln)

1-124 O1H
Dose per UnK AdminIstered Actlvfty to the Bladder Wall Surface (mGy/MBq)

Bladdr Filling Rats: 1.0 mllmln (day)' 0.6 mI/mEn(night)
V0: InItial BIaddr Voluma(ml)

35 V0(ml)

@ 20@-@

@1.54@@@

â€˜a@@

0 20 40 60 80 100 120 140 160 180

First Void Time (ruin)

1-131 OiH

Dose per Unit AdmInistered Actlvfty to the Bladder Wall Surface (mGylMBq)
Bladd.r Filling Rats: 1.0 mlhnln (day), 0.5 mlImln (night)

V@:lnltlal BImldSr Volums (ml)

3.0 -@--@-â€”---- - . - â€”.-â€”--â€”â€”---â€” . â€”.--@â€”â€”- V0 (ml)

- --0â€”10
@ -

.@ 2.5 @- .@ 5-@0i@ â€˜_____@__â€”@.----_ff@____I â€”&-100
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@ 1 .0@ : :@ I 300
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First Void Time (mm)

i-131 Nal

Dose per Unft Administered Activity to the Bladder Wall Surface (mGyIMBq)
Bladder FillIng Rats: 1.0 mlImIn (day), 0.5 mI/mEn(night)

V0: InitIal Bladdr Volum (ml)

0.95 - - â€”- - - -------. V0 (ml)
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@@ ------@-------@h@ -x-150j'@E@
0.70@ j@:::

0 20 40 60 80 100 120 140 160 180
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1-123 OIH
Dose per Unit Administered Activity to the Bladder Wall Surface (mGyIMBq)

Bladdr Filling Rat.: 1.0 mlhnln (day)' 0.5 mllmln (night)
V@:InItIal Bladdr Volums(ml)

0.60@ - - - - - - â€” -â€”--â€”---- V0 (ml)

@ - : . -

I 0.50k .@
@0.40-- â€¢â€”@_4_.:-â€”â€”!-@- -@ - â€”xâ€”150
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< C,@ . - . - â€”0â€”250
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First void Time (mEn)

1-125 lothalamate
Dose per Unft AdmInIstered Activity to the Bladder Wall Surface (moy/MBq)

BIdd.r Filling Rats: 1.0 mlImIn (day). 0.5 mlImln (nIght)
V0: kiltlal BIaddS Vohim. (ml)

0 26 -@--â€”â€”---â€” -- - - - - - . - v0 (ml)

@ 0.24@@

@:@:@ ::::

@.0.18 : .@@

r@;@@@

0 20 40 60 80 100 120 140 160 180

First Void Time (ruin)

FIGUREA17.Newmodelfor 123l-Nal.Dose per unitadministeredactiVityto FIGUREA20.Newmodelfor 124l-OIH.Dose per unitadministeredactivityto
the urinarybladderwall surface. the unnarybladderwall surface.

FIGUREAl& Newmodelfor 131l-Nal.Dose per unitadmmnisteredactiVityto FIGUREA21.Newmodelfor 131l-OIH.Dose per unitadministeredactiVityto
the urinarybladderwall surface. the unnarybladderwall surface.

FIGUREAl9. Newmodelfor 123l-OlH.Dose per unitadministeredactivityto FIGUREA22. New model for 125l-iothalamate.Dose per unit administered
the urinarybladderwall surface. activity to the urinarybladderwall surface.
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In-Ill DTPA
Dose per Unit Admlnlstersd ACtIVItyto the Bladder Wall Surface (mGy/MBq)

Bl.dd.r Filling Rats: 1.0 nWmln (day). 0.5 mllmln (nIght)
V0: WIml Bl.ddâ€¢rVolum. (ml)
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I:::@@ii:iiiii:iii:iiii:iii:iii:@

rE@______@@ 0.20 - â€˜ -@ .@ .@@@ - @-500
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First â€˜bidTime (mEn)

Tc-99m DTPA

.â€”.IE-Ol0

@1E-02

@ IE-03

a

! 1E-04
0

FIGUREA26. Technetium-99m-DTPAFractionalbisdder actMty [A(t@/A@
fromEq.2jasafunctionoftime.V0 = lOOml,T1= 6ominandU(t)= 1.0/0.5
ml min1 (day/night).

FIGUREP27. Fluonne-18-FDG.Electrondose per unitadministeredactMty
asafunctionofdistanceintothebladderwall.V0= 200mlandT1= 60mm.

FIGUREh28@Technetium-99m-DTPA.Electrondose per unitadministered
activityas a functionof distanceinto the bladderwall.V0= 200 ml andT1 =
160 mm.

FiGUREA23.Newmodelfor111ln-DTPA.Doseper unitadministeredactiVity
to theurinarybladderwallsurface.

FiGUREA24. Newmodel for @Sr-SrCl.Dose per unitadministeredactiVity
to theunnarybladderwallsurface.

FIGURE*25. Fluorine-18-FDG.Fractionalbladder actiVity[A(t@A@@,from Eq.
2]asafunctionoftime.V0= 100ml,T1= 60mmandU(t)= 1.0/0.5mlmin1
(day/night).

Sr-89 ChlorIde
Dose per UnIt AdminIstered ACtIVItY to the Bladder Wail Surface (mGyIMBq)

Blddr FINIng RaW: 1.0 mlIunln (day). 0.5 mllmln (night)
V0: kiltlal Bl.ddâ€¢rVolums (ml)
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Firstvoidtime(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.61 0.35 0.24 0.54 0.31 0.23 0.60 0.36 0.26 0.65 0.40
50 0.38 0.24 0.18 0.27 0.18 0.14 0.30 0.22 0.17 0.34 0.25

100 0.33 0.21 0.16 0.19 0.13 0.11 0.20 0.15 0.13 0.23 0.18
200 0.31 0.19 0.14 0.13 0.094 0.077 0.12 0.10 0.089 0.14 0.12
500 0.29 0.18 0.13 0.091 0.063 0.051 0.066 0.055 0.050 0.073 0.0640.29

0.20
0.15
0.10

0.059V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A6
Technetium-99m-DTPA

Dose per Unit Administered Activity to the Bladder Wall Surface(mGy/MBq)First

vomdtime(mm)20

60 120180V0

(ml) (a) (b) (C) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.19 0.11 0.077 0.18 0.10 0.071 0.18 0.10 0.072 0.19 0.11
50 0.17 0.097 0.070 0.14 0.082 0.060 0.13 0.079 0.059 0.13 0.084

100 0.16 0.093 0.067 0.12 0.074 0.055 0.10 0.067 0.051 0.10 0.069
200 0.16 0.091 0.066 0.11 0.068 0.050 0.087 0.056 0.043 0.080 0.055
500 0.15 0.089 0.064 0.11 0.063 0.046 0.073 0.045 0.035 0.060 0.0410.079

0.064
0.054
0.045

0.033V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A7
Technetium-99m-Pertechnetate

Dose per Unit Administered Activity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.055 0.031 0.022 0.054 0.030 0.021 0.054 0.030 0.021 0.054 0.030
50 0.052 0.029 0.021 0.049 0.028 0.020 0.046 0.027 0.020 0.045 0.027

100 0.051 0.029 0.021 0.047 0.027 0.019 0.043 0.025 0.019 0.041 0.025
200 0.051 0.029 0.021 0.046 0.026 0.019 0.041 0.024 0.017 0.037 0.022
500 0.051 0.029 0.020 0.045 0.026 0.018 0.038 0.022 0.016 0.034 0.0200.022

0.020
0.018
0.017

0.015V0

= initialbladdervolume(ml).Bladderfmllmngrates(mi/mm)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A8
Technetium-99m-HEDP

Dose per Unit Administered Activity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.15 0.082 0.058 0.14 0.078 0.055 0.13 0.074 0.053 0.14 0.076
50 0.14 0.079 0.057 0.12 0.072 0.052 0.11 0.064 0.047 0.10 0.064

100 0.14 0.078 0.056 0.12 0.069 0.050 0.097 0.058 0.043 0.088 0.056
200 0.14 0.078 0.056 0.11 0.066 0.048 0.087 0.053 0.039 0.074 0.048
500 0.14 0.077 0.055 0.11 0.064 0.046 0.079 0.047 0.035 0.062 0.0390.054

0.047
0.042
0.037

0.030V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/025(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).

TABLE A5
Fluorine-i 8-FDG

Dose per Unit Administered Activity to the Bladder Wall Surface (mGy/MBc@)
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Firstvoidtime(mmn)20

60 120180â€˜/0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.13 0.075 0.053 0.13 0.070 0.049 0.12 0.066 0.047 0.12 0.069
50 0.13 0.072 0.052 0.11 0.063 0.045 0.092 0.055 0.041 0.091 0.056

100 0.12 0.071 0.051 0.10 0.059 0.043 0.079 0.049 0.037 0.074 0.048
200 0.12 0.070 0.051 0.096 0.056 0.041 0.070 0.043 0.033 0.060 0.040
500 0.12 0.070 0.050 0.093 0.054 0.039 0.061 0.037 0.028 0.048 0.0310.049

0.042
0.037
0.031

0.025V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

AlO
Technetium-99m-HMPAO

Dose per Unit Administered ACtiVity to the Bladder Wall Surface(mGy/MBq)First

vomdtime(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (C) (a) (b) (c) (a)(b)(c)10

0.066 0.037 0.026 0.060 0.033 0.024 0.061 0.035 0.025 0.066 0.038
50 0.055 0.032 0.023 0.045 0.027 0.020 0.043 0.027 0.020 0.046 0.029

100 0.053 0.031 0.022 0.040 0.024 0.018 0.035 0.023 0.017 0.036 0.024
200 0.051 0.030 0.022 0.036 0.022 0.016 0.029 0.019 0.015 0.029 0.020
500 0.050 0.029 0.021 0.033 0.020 0.014 0.025 0.015 0.012 0.022 0.0150.028

0.022
0.019
0.016

0.012V0

= mnitmalbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

All
Technetium-99m-Glucoheptonate

Dose per Unit Administered ACtIVItYto the Bladder Wall Surface(mGy/MBq)First

voidtime(mm)20

60 120180V0

(ml) (a) (b) (C) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.18 0.10 0.072 0.16 0.090 0.064 0.17 0.10 0.072 0.19 0.11
50 0.14 0.082 0.060 0.11 0.065 0.049 0.11 0.071 0.055 0.12 0.081

100 0.13 0.077 0.056 0.087 0.055 0.042 0.083 0.056 0.045 0.090 0.064
200 0.12 0.073 0.053 0.075 0.046 0.035 0.063 0.044 0.035 0.066 0.048
500 0.12 0.070 0.051 0.065 0.040 0.030 0.047 0.032 0.025 0.044 0.0320.082

0.063
0.052
0.040

0.027V0

= mnmtialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A12
Technetium-99m-MAG3

Dose per UnitAdministeredActivityto the BladderWallSurface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (C) (a) (b) (c) (a)(b)(c)10

0.36 0.20 0.14 0.34 0.20 0.15 0.40 0.24 0.18 0.44 0.28
50 0.17 0.11 0.084 0.16 0.11 0.088 0.20 0.14 0.12 0.24 0.17

100 0.13 0.085 0.065 0.10 0.076 0.063 0.13 0.10 0.087 0.16 0.13
200 0.11 0.069 0.053 0.067 0.051 0.043 0.082 0.068 0.060 0.10 0.087
500 0.093 0.058 0.044 0.039 0.030 0.025 0.041 0.036 0.034 0.054 0.0480.21

0.14
0.11
0.077

0.045V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).

TABLE A9
Technetium-99m-MDP

Dose per UnitAdministeredActivityto the BladderWallSurface (mGy/MB@)
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Firstvoid time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.0063 0.0035 0.0025 0.0062 0.0035 0.0025 0.0062 0.0034 0.0024 0.00620.00350.002550
0.0060 0.0034 0.0024 0.0058 0.0033 0.0023 0.0055 0.0032 0.0023 0.00540.00320.0023100
0.0060 0.0034 0.0024 0.0056 0.0032 0.0023 0.0053 0.0030 0.0022 0.00500.00300.0022200
0.0059 0.0033 0.0024 0.0055 0.0031 0.0022 0.0050 0.0029 0.0021 0.00470.00280.0020500
0.0059 0.0033 0.0024 0.0054 0.0031 0.0022 0.0048 0.0028 0.0020 0.00440.00260.0019V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A14Technetium-99m-RBCsDose

per Unit Administered ACtiVity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.026 0.015 0.010 0.026 0.014 0.010 0.026 0.014 0.010 0.0260.0140.01050
0.025 0.014 0.010 0.024 0.014 0.010 0.023 0.013 0.010 0.0230.0130.010100
0.025 0.014 0.010 0.024 0.013 0.010 0.022 0.013 0.0092 0.0210.0120.0091200
0.025 0.014 0.010 0.023 0.013 0.0094 0.021 0.012 0.0089 0.0200.0120.0086500
0.025 0.014 0.010 0.023 0.013 0.0092 0.020 0.012 0.0084 0.019 0.0110.0080V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A15Technetium-99m-MIBI
(Rest)Dose

per UnitAdministeredActivityto the BladderWallSurface(mGy/MBq)First

voidtime(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.025 0.014 0.010 0.025 0.014 0.010 0.024 0.014 0.010 0.0250.0140.01050
0.024 0.013 0.010 0.022 0.013 0.0092 0.021 0.012 0.0089 0.0210.0120.0089100
0.023 0.013 0.0094 0.022 0.012 0.0089 0.020 0.012 0.0085 0.019 0.0110.0084200
0.023 0.013 0.0093 0.021 0.012 0.0086 0.019 0.011 0.0080 0.0170.0100.0077500
0.023 0.013 0.0093 0.021 0.012 0.0084 0.018 0.010 0.0075 0.0160.00940.0070V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A16Technetium-99m-MIBI
(Stress)Dose

per UnitAdministeredActivityto the BladderWallSurface(mGy/MBq)First

voidtime(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(C)10

0.022 0.012 0.0086 0.022 0.012 0.0085 0.021 0.012 0.0084 0.0210.0120.008650
0.021 0.012 0.0084 0.020 0.011 0.0080 0.019 0.011 0.0078 0.018 0.0110.0078100
0.021 0.012 0.0083 0.019 0.011 0.0078 0.018 0.010 0.0074 0.0170.0100.0074200
0.020 0.011 0.0082 0.019 0.011 0.0076 0.017 0.010 0.0071 0.0150.00920.0068500
0.020 0.011 0.0081 0.018 0.010 0.0074 0.016 0.0091 0.0066 0.0140.00830.0062V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).

TABLE A13
Technetium-99m-HSA

Dose per Unit Administered Activity to the Bladder Wall Surface (mGy/MBq)
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Firstvoid time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.26 0.14 0.10 0.25 0.14 0.10 0.25 0.14 0.10 0.250.140.1050
0.25 0.14 0.10 0.23 0.13 0.095 0.22 0.13 0.092 0.220.130.093100
0.24 0.14 0.10 0.23 0.13 0.092 0.21 0.12 0.088 0.200.120.088200
0.24 0.13 0.10 0.22 0.13 0.090 020 0.12 0.084 0.19 0.110.082500
0.24 0.13 0.10 022 0.12 0.088 0.19 0.11 0.080 0.170.100.075V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A18Iodine-131
-NalDose

per Unit AdministeredACtiVityto the Bladder Wall Surlace(mGy/MBq)First

voidtime(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

1.8 0.94 0.64 1.8 0.93 0.64 1.8 0.93 0.63 1.80.930.6450
1.8 0.92 0.63 1.7 0.89 0.61 1.6 0.87 0.60 1.60.860.60100
1.7 0.91 0.62 1.7 0.87 0.60 1.6 0.84 0.58 1.50.820.57200
1.7 0.91 0.62 1.6 0.86 0.59 1.5 0.81 0.56 1.50.780.55500
1.7 0.90 0.62 1.6 0.85 0.58 1.5 0.79 0.54 1.40.740.52V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A19Iodine-i
23-OlHDose

per Unit AdministeredACtiVityto the Bladder Wall Surface(mGy/MBq)First

voidtime(mm)20

60 120180V0

(ml) (a) (b) (C) (a) (b) (c) (a) (b) (c) (a)(b)(C)10

0.73 0.40 0.28 0.69 0.40 0.29 0.79 0.48 0.36 0.900.560.4250
0.36 0.22 0.17 0.33 0.22 0.18 0.41 029 0.24 0.500.360.29100
0.27 0.17 0.13 0.21 0.15 0.13 0.27 0.21 0.18 0.350.27022200
0.23 0.14 0.11 0.14 0.10 0.088 0.17 0.14 0.12 0.220.180.16500
020 0.12 0.091 0.082 0.061 0.053 0.087 0.076 0.070 0.120.100.10V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A20Iodine-i
24-OlHDose

per Unit AdministeredActivity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

4.3 2.3 1.5 4.0 2.2 1.6 4.6 2.7 2.0 5.23.12.350
2.1 1.3 0.93 1.9 1.2 1.0 2.3 1.6 1.3 2.82.01.5100
1.6 1.0 0.73 1.2 0.84 0.68 1.5 1.1 0.93 1.9 1.41.2200
1.3 0.80 0.60 0.77 0.56 0.46 0.93 0.74 0.64 1.2 1.00.84500
1.1 0.68 0.50 0.46 0.33 0.27 0.45 0.39 0.35 0.610.530.48V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).

TABLE All
Iodine-i 23-Nal

Dose per Unit AdministeredActivity to the Bladder Wall Surface (mGy/MBq)
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Firstvoid time(mm)20

60 120180V0

(ml) (a) (b) (C) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

3.7 1.9 1.3 3.4 1.9 1.3 3.9 2.3 1.6 4.42.61.950
1.8 1.0 0.76 1.6 1.0 0.78 1.9 1.3 1.0 2.3 1.61.2100
1.3 0.81 0.60 1.0 0.68 0.55 1.2 0.90 0.74 1.61.10.93200
1.1 0.66 0.49 0.63 0.45 0.37 0.74 0.58 0.49 1.00.750.64500
1.0 0.56 0.41 0.37 0.26 0.21 0.35 029 026 0.460.390.35V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A22Iodine-i
25-lothalamateDose

per Unit AdministeredActivity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.45 0.25 0.18 0.43 0.24 0.17 0.42 0.23 0.17 0.440.250.1850
0.41 023 0.17 0.36 0.21 0.15 0.33 0.20 0.14 0.330.200.15100
0.40 022 0.16 0.33 0.19 0.14 0.28 0.17 0.13 0.270.180.14200
0.39 022 0.16 0.32 0.18 0.13 0.25 0.15 0.12 0.220.150.12500
0.39 0.22 0.16 0.30 0.17 0.13 022 0.13 0.10 0.180.120.092V0

= initialbladdervolume(ml).Bladderfillingrates(mVmin)were:(a)0.5/0.25(day/night);(b)1.0/0.50(day/night);and(c)1.5/0.75(day/night).TABLE

A23Indium-i
i 1-DTPADose

per Unit AdministeredActivity to the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a)(b)(c)10

0.87 0.49 0.35 0.83 0.46 0.33 0.81 0.46 0.33 0.850.480.3550
0.78 0.45 0.33 0.69 0.40 029 0.63 0.38 0.28 0.630.400.30100
0.76 0.44 0.32 0.64 0.38 0.28 0.54 0.34 0.26 0.520.340.27200
0.75 0.43 0.31 0.60 0.35 0.26 0.48 0.30 0.23 0.430.290.23500
0.74 0.43 0.31 0.58 0.34 0.25 0.42 0.26 0.20 0.340.230.18â€˜10

= initialbladder volume (ml).Bladder fillingrates (mVmin)were: (a)0.5/0.25 (day/night); (b) 1.0/0.50 (day/night); and (c) 1.5/0.75(day/night).TABLE

A24Strontium-89-ChlorideDose

per Unit AdministeredACtiVityto the Bladder Wall Surface(mGy/MBq)First

void time(mm)20

60 120180V0

(ml) (a) (b) (c) (a) (b) (c) (a) (b) (C) (a)(b)(C)10

3.9 2.0 1.3 3.9 2.0 1.3 3.9 2.0 1.3 3.92.01.350
3.9 2.0 1.3 3.8 1.9 1.3 3.8 1.9 1.3 3.7 1.91.3100
3.9 2.0 1.3 3.8 1.9 1.3 3.7 1.9 1.3 3.7 1.91.3200
3.9 1.9 1.3 3.8 1.9 1.3 3.7 1.9 1.3 3.6 1.81.2500
3.8 1.9 1.3 3.8 1.9 1.3 3.6 1.8 1.2 3.5 1.81.2V0

= initialbladdervolume (ml).Bladderfilling rates (mVmin)were: (a)0.5/0.25(day/night);(b) 1.0/0.50(day/night);and (C)1.5/0.75(day/night).

TABLE A2l
lodine-i3i -OlH

Dose per Unit AdministeredActivity to the Bladder Wall Surface (mGy/MBq)
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