
he dosimetric methods of the Medical Internal
Radiation Dose (MIRD) Committee (1) and of the
International Commission on Radiation Units and
Measurements (ICRU) (2) have been invaluable for
estimating whole-body and organ doses of radionucides
used in medicine. However, in the determination of
radiation hazards, especially with regard to radiation
damageto germ and somatic cells ofthe younger patient
and the fetus, the ultimate radiation dose of conse
quence is not the integrated whole-body or organ dose
but the dose to radiosensitive cells in an organ, e.g.,
stem cells in the bone marrow (3). Although in the
formulation of the MIRD schema it was recognized
that the distribution ofuptake and absorbed dose within
organs is not uniform, the average absorbed dose was
considered to be adequately representative, and in effect

the understood assumptions are that the dose to the
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individual cell in an organ is the same as the average
organ dose (4) and that the radionucide is distributed
homogeneously over all cells and the extracellular me
dium. No distinction is made between agents that con
centrate in cells and in the extracellular fluid. Implicit
for the validity of this dosimetric approach is that the
ranges of ionizing particles emitted are much longer
than the average cell diameter (5); however, most of
the commonly used radionucides in diagnostic nuclear
medicine emit numerous low-energy Auger electrons
with subcellular ranges.

During the past several years, in vitro studies have
demonstrated that the cell dose is highly dependent on
whether or not an Auger electron emitter is internalized
by the cells (6-14). The importance of selective intra
cellular localization of the radionuclide has also been
reiterated by in vivo experiments in the mouse testes
model (15-17) in which similar issues have been ad
dressed for thallium-201 (@Â°â€˜Tl),indium-l 11 (IIâ€˜In),
iron-55 (55Fe) and iron-59 (59Fe). Although no pub
lished studies have demonstrated the concentration of
any of these radionucides in the human testes, signifi
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cant concern with respect to spermatogenesis (3, 18â€”
20) is generated by standard extrapolations of mouse
data to man.

As new agents concentrated by cells are employed,
other commonly used radionucides such as 123!and
99mTc might well appear at high concentrations within
the genome of radiosensitive cells (3,21â€”23).For cx
ample, blood cell radiolabeling with â€˜â€˜â€˜Inand @mTcis
currently a part of well established diagnostic proce
dures (24-26), and there has been some concern re
garding the radiation dose received by such labeled cells
(27), since lymphocytes as well as spermatogonia are
known to be quite sensitive to radiation mutagenesis
that can lead to oncogenic transformation (28). In view
of the individual cell dose estimates and the accompa
nying risks, the safety of labeling with [â€˜â€˜â€˜In]oxineto
monitor in vivo lymphocyte homing and recirculation
has also been questioned (29). Similarly, it has been
suggested that labeling lymphocytes with technetium
99m (99mTc)should be scrutinized carefully and that
efforts should be made to reduce the radiation levels to
which these cells are exposed (30). Furthermore, it is
known that a large fraction of these labeled blood cells
concentrate in the liver or spleen a few hours after
injection (31). In these cases, the conventional dosi
metric assumption that the radionuclide is distributed
homogeneously in these organs is probably not true
(32). No complete evaluation exists as to what devia
tions from the actual cell dose might result from this
assumption of homogeneous radionuclide deposition.

In an attempt to elucidate some of these questions,
we compare a cellular dosimetry approach to the con
ventional dosimetry approach for various electron ener
gies and for several radionucides ofinterest while vary
ing relevant parameters, i.e., intracellular-to-extracel
lular radionuclide concentration, fraction of organ
volume occupied by the labeled cells (corresponding to
a particular labeled cell density), and cell size. The
results show the extent to which there is reason for
concern in nuclear medicine with respect to the dosim
etry of intracellular agents and indicate certain situa
tions in which the assumptions ofconventional dosim
etry break down.

METhODS
Calculations have been carried out to estimate the electron

radiation dose to individual cells in a cell cluster (considered
the organ) by adopting either conventional or cellular dosim
etryapproaches.To estimatethe radiationdosefromelectrons
received by an individual cell in the cell cluster with the
cellular dosimetry approach, the dose contributions from (a)
neighboring labeled cells, (b) the extracellular medium, and
(c) the cell itself are considered. The radionuclide is assumed
to be distributed uniformly throughout the labeled cells; fur
thermore, each labeled cell is assumed to contain the same
amount of radioactivity. Because of the absence of electronic
equilibrium conditions (33), cells that are located near the
surface of the cell cluster will receive a lower dose than cells

well inside the cluster. For large cluster sizes (close to the size
of human organs), however, cells that lie just a few cell
diameters or more from the cluster surface (i.e., the over
whelming majority of the cells) will be under equilibrium
conditions when the emitted electrons are in the keV (or
lower) energy region. The present calculations are performed
with respect to these cells (target cells).

The first step in the calculation is the choice ofa cell cluster
geometry. Two geometric models have been reported recently
for close-packedcellular structures (7,34,35): the body cen
tered cubic arrangement, assuming each cell to be in contact
witheightother cells,and the hexagonalarrangement,assum
ing each cell to be in contact with 12other cells. The hexagonal
cell arrangement, which seems to represent more realistically
the way cells are frequentlypacked in liquid environments
(36), has been adopted in this study. In this geometry, the
extracellularspace occupies a fraction of 0.26 of the total
available space, close to what cytological studies reveal for
some human tissues (36). However, the basic conclusions of
the present study do not depend strongly on the choice of
clustergeometry.

To determine the energydepositedin a target cell from a
radioactive decay occurring in another cell that lies at a certain

distance in water equivalent medium, analytical calculations
are based on the electron energy loss formulae of Cole (37).
These formulae are experimental and provide a convenient
method to account for the energy loss of both very low and
high energy electrons in water equivalent medium. The dose
to the targetcelliscalculatedbyanalyticmeans(seeAppendix
I), and a program written in Fortran 77 on a DigitalEquip
ment Corporation VAX 11/780 computer is used to calculate
the radiation dose to a target cell of the hexagonal cell cluster
arrangement. Briefly, the program operates as follows. The
electron rangecorrespondingto a specificelectron energyor
to the maximum electron energy of the specific radionuclide
(37) defines the region from which electronscan reach the
cell of interest. The program at first builds spheres in a
hexagonalarrangement around the sphere considered (i.e.,
target sphere) until the further addition of spheres fails to

contribute to the electron dose to the target sphere for any
particularradionuclideexamined(i.e.,electronicequilibrium
has been achieved for the target sphere). The radii of these
arbitrarily chosen spheres are equal to or larger than the radii
of the cells. Next, the distance from the center of each sphere
to the targetsphere is calculated. The cells are assumed to be
spheres of a chosen diameter, situated concentrically to the
ones alreadyconstructed.The sphereplaced concentrically to
the target sphere represents the target cell. Variation of the
radii of the two concentric sets of spheres provides the de
pendenceofthe presentmodelon cellsizeand the fractionof
organ volume occupied by the cells (f). Thus, if the radius of

the first set of spheres is equal to the radiusof the second set
of spheres (cells), a closed-packed cell arrangement is simu
lated and the cells occupy a fraction f = 0.74 of the total
cluster volume. If the radius of the first set of spheres is
increased relative to the radius of the cells, the cell-to-cell
distances also increase and the cells occupy smaller fractions
ofthe overallclustervolume. As an example, when the labeled
cells are at distances of25 and 50 @mfrom each other (center
to-center), the corresponding values offare 0.015 and 0.00 15.
The computer program then sums up the electron dose con
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tributionsto the targetcellfromall surroundingcellsand adds
to that the radiation dose component from the extracellular
medium for a given radionucide concentration. The latter
dose component is calculatedby determining the dose that
wouldbe deliveredto the targetcellfroman arbitraryconcen
tration of uniformlydistributed radionucide over the whole
spaceand subtractingthe dose from surroundingcellsfor the
same radionuclide concentration. Thus, different intracellular
to-extracellular radioactivity concentrations (k) are taken into
consideration. Finally, the radiation dose of the target cell to
itself is calculated according to the methods described by
Kassis et a!. (9).

For the conventionalcalculationof electron dose, no dis
tinction is made between spheres and medium and the radio
nucide is assumed to distribute homogeneouslythroughout
the volumeconsidered.In the presentmodel,this isequivalent
to having the same concentration of radionucide inside all
the cellswithin the clusteras wellas throughout the extracel
lular space(f = 0.74, k = 1).Thus, the dose to the target cell

is the same as the overall organ dose or any other subvolume
chosen. In this paper, the average radioactivity concentration
within the wholecellclusterhas alwaysbeen normalizedto a
standard radioactivity concentration (it makes no difference
whatconcentrationis chosen,as the resultsare presentedas a
ratio of the two dosimetrymodels).As a direct check of the
computations performed, we compared our cellular dosimetry
approach for the pure beta emitter @Â°Y(using k = 1 and f =
0.74) to the one published by MIRD for large human organs,
e.g., liver (38â€”41);the two agree to within 5%. This small
difference in the absolute dose value is assumed to originate
in the different methods for dose derivation used in the two
treatments. Sincethe energy-lossformulaeof Cole (37) were
used in both the cellular and the conventional dose calcula
tions in this workand the resultsare presentedas the ratio of
cellular-to-conventional dosimetry estimates, the difference in
using either the formulae of Cole or the dose point kernels of
Berger (38) are, therefore, expected to be very small.

The radionucides studied were @â€œTc,@Â°â€˜Tl,123!,and â€˜â€œIn,

TABLE I
Average Emission Spectra for the Isotopes Examined in the Present Calculation&

0.02316.30.03461.070.14420.10.12824.30.1
142.1 10.798.471.032.690.9763.270.0620.3682.121.8742.080.3510.1340.6701

.00.2200.0561 .3880.1490.1821.90.4750.280.1440.220.7090.9250.1240.0650.2580.480.1100.500.4272.540.0390.1670.2100.0380.0670.900.2601.130.0120.1900.1542.030.0352.800.1570.085144.60.4720.1100.9841.776.860.0900.013168.12.50.0650.119122.00.46

2.96
2.05
0.334
0.034
0.0015
0.0005
0.082
0.025
0.07
0.022
0.0075
0.017
0.158
0.0340.062

0.038
0.025
0.786
1.454

12.24
24.02
15.84
27.74
17.43
29.34
52.24

123.4
84.3

155.30.050

0.009218.6 241.90.18 3.52
0.75
0.136
0.018
0.0040.048

0.027
0.015

127.2
154.1

158.00.889140.50.100

0.462
0.272
0.105
0.19
0.182167.4

70.8
68.9
80.2
9.98

11.850.8280.159

0.905
0.940
0.443
0.236

171.3
245.4
23.2
23.0

Photons

. Only major emissions are listed. The low-energy electron spectra have been taken from Sastry et al. (4) and Rao et al. (15).
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all of which are currently employed in nuclear medicine
procedures. The detailed Auger and conversion electron spec
tm emitted by these radionucides were taken from Sastry et
al. (4) and from Rao et a!. (15). Table 1 is a concise compi
lation of the principalemissions ofthese radionuclides.

The contribution of photons emitted by the radionucides
to the total radiation dose of the target cell can be accounted
for by adding the MIRD estimate of the dose contributed by
photonsto both the cellularand the conventionalcalculation;
this can be done because photons have a long range of action
and, in this case, the assumption of a homogeneous radio
nuclide distribution throughout the cell cluster is adequately
valid. The photon dose estimates for various human organs
(i.e., different cluster sizes) have been obtained from the
publishedconventional dosimetry tables(39â€”41).The photon
dose contribution to the total radiation dose increases with
increasing cell cluster size and consequently the overall cellu
lar-to-conventional dose ratio is closer to unity as the cell
cluster size increases. The total radiation dose to the target
cell from both photons and electrons emitted by 99mTcis
presentedin the RESULTSAND DISCUSSIONsection for
cell cluster sizes corresponding to specific human organs.

RESULTS AND DISCUSSION

The results of the present dosimetric investigation
are presented in Figures 1 through 4. Electrons only are
considered in these figures, although a comment on the
effect ofthe inclusion ofphotons has also been included.

Figure 1 shows the ratio of the cellular to conven
tional dosimetric estimates as a function of the emitted
electron energy for three different values of the cell
cluster volume fraction occupied by the labeled cells (f)
and for two values of the intracellular-to-extracellular
radionuclide concentration (k). The cell diameter in
Figure 1 was chosen to be 10.3 @im(V79 Chinese
hamster lung fibroblasts). It can be seen that for close
packed labeled cells (f = 0.74), the cellular and the
conventional dosimetric estimates do not differ signifi
cantly if(a) the cells are closely packed (f â€˜@0.74) or (b)
the intra- and the extracellular concentrations are the
same (k 1). Also, ifthe radionucide remains primar
ily in the extracellular space (k@ 1), then the cellular
and the conventional dosimetry estimates are similar,
except for very low electron energies where small dif
ferences occur (data not shown). However, when the
radionucide is concentrated selectively by certain cells
(k@ 1 and f â€˜@0.74), the cellular-to-conventional
dosimetry estimates deviate significantly from unity for
the low energy electrons with ranges comparable to or
smaller than the cell diameter (E < 10 keY), and
conventional dosimetry seriously underestimates the
delivered dose at the cellular level.

Figure 2 depicts the ratio of cellular to conventional
dosimetric estimates for the electrons emitted by each
ofthe four radioisotopes as a function ofthe cell cluster
volume occupied by the labeled cells (f), for four intra
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FIGURE I
Ratioof cellular-to-conventionaldosimetryestimatesfor
individualcell (d = 10.3 @m)in cell duster as function of
emittedelectronenergy,for threevaluesof duster volume
fraction (f = 0.74, 0.13, 0.01) occupied by labeled cells
and for intracellular-to-extracellularradlonudideconcen
tration (k) 100. Also shown is the case for f = any and
k= 1.

cellular-to-extracellular radionucide concentrations (k
= 1000, 100, 1, 0.01). A cell diameter of 10.3 @mwas

also chosen for these calculations. The results indicate
that when f< 0.2 and k@ 1, the ratio ofthe cellular
to conventional dosimetric estimates deviates by factors
of2 to 25 from unity. In fact, as fdecreases further, the
ratio increases even more. This deviation is determined
to a large extent by the number and the energies of the
higher energy electrons (energetic conversion electrons
or beta particles) emitted per decay. For example, a!-
though 1231emits on the average a larger number of
short range Auger electrons than â€˜â€˜â€˜In(1 1 versus 8
electrons on average, respectively, (4, 15)), the cellular
to conventional dosimetry ratio rises more steeply for
the latter radionucide because the abundance of the
energetic conversion electrons emitted by 1231is greater
than that ofâ€•â€˜Inwhile the electron energies are similar.

Finally, when the radionucide is excluded from the
cells (k@ 1), conventional dosimetry overestimates the
electron dose delivered to the labeled cells by -@.-20%
(curve 4).

The deviation of the cellular-to-conventional dose
ratio from unity in Figure 2 for f < 0.2 and k@ 1 is

1859Volume 30 â€¢Number 11 â€¢November1989



25

0
H
I-a

UI
U)
0
0

-I
a
z
0
H
I-
z
UI
D
z
0
U
\
a
J
:D
.J
J
UI
U

B
0.1

LABELED CELL CLUSTER VOLUME FRACTION (?)

1 0.01. I0.1

0
H
p..
a
Ix
UI
U)
0
0

@ 15
z
0
H
I-
z
UI
Dz 18
0
U
\
Ix
a
J
:D

III
U

0

0.01

A LABELEDCELL CLUSTERVOLUMEFRACTION(f)

0
H
I-
a
Ix
UI
U)
0
0

J
a
z
0
H
I-z
UI

z
0
C)
\
Ixa
J

J
J
Ui
C)

0
H
I-
a
Ix
III
U)

8
-J
az
0
H
I-z
UI
Dz
0
U

Ix
a
-I
J
J
UI
U

0.01 0.1 1
0.01 0.1 1

C LABELEDCELLCLUSTERVOLUMEFRACTIONC?) D LABELEDCELLCLUSTERVOLUMEFRACTION(f)
FIGURE 2
Ratio of cellular-to-conventional dosimetry estimates for individual cell (d = 10.3 @m)in cell cluster for (a) @â€œTc,(b) 1231
(c)1@lnand (d) @Â°â€˜Tlas function of cellduster volumeoccupied by labeled cells (f)for various intracellular-to-extracellular
radionudideconcentrations(k).Curve1: k = 1000.Curve2: k = 100.Curve3: k = 1. Curve4: k = 0.01. Electrons
onlyareconsideredin this figure.Foranestimateof the influenceof the emittedphotons,seetext.

somewhat lessened if the photon dose delivered by the
radionuclides is accounted for. The degree to which this
occurs depends on the size of the cellular cluster con
sidered. For example, for 99mTcand cellular cluster sizes
corresponding to the size of human ovaries, testes,
spleen, and liver, the cellular-to-conventional dose ratio

for k = 100 and f= 0.01 has values of6.6, 6.1, 5.4, and
4.0, respectively, when both photons and electrons are
included in the calculation; however, the general shape
ofthe curves in Figure 2 remains the same. For electrons
only, a single value of 7.4 is obtained; therefore, the
results are not substantially different from those ac
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1 FIGURE 4

Ratio of cellular-to-conventional dosimetry estimates for
labeledcellincelldusterfor â€˜al,asfunctionofcell diameter
for two values of intracellular-to-extracellular radionudide
concentration (k) and for f = 0.1 . Electrons only are con
sideredin this figure.

was calculated for the nonlabeled cells of a cell cluster
where radionucide uptake occurs only in specific cells.
The results for 99mTc,2O1'fl,123!,and â€˜â€˜â€˜Inshow that the
electron radiation dose to the nonlabeled cells of the
cluster, originating from decays in the extracellular
medium and in the labeled cells, is generally 20 to 30%
smaller than that predicted by conventional dosimetry.
At high values of the intracellular-to-extracellularcon
centration ratio (k > 100) and very small values of
labeled cell cluster volume fraction (f <@ 0.74), some
nonlabeled cells in the cluster receive practically zero
dose from electrons because of the short ranges of the
latter. In practice, these cells receive only photon dose
contributions.

In view of the fact that (a) most of the radionuclides
used in diagnostic nuclear medicine, including those
examined, emit several low-energy electrons and (b)
situations of selective radionucide concentration by
specific cells in an organ are common, the present
calculations seem to be of some importance. A typical
example is the case of @mTc@labeledalbumin colloid
(Microlite) that is routinely used in the clinic for liver
imaging. These colloidal particles would be expected to
be selectively taken up by liver macrophages (Kupffer
cells) since these cells are known to fix and phagocytose
circulating foreign material (42). In fact, these particles
have been shown to be avidly phagocytosed by rat liver
Kupffer cells (43, 44). Recently, a quantitative study

24
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FIGURE 3
Fraction of total radiation dose delivered by electrons to
@Â°1T1-Iabeledcell (d = 10.3 @m)in cell duster due to decays

within cell (self-dose) for two intracellular-to-extracellular
radionudide concentrations (k)and various duster volume
fractionsoccupiedby labeledcells(f).

counting only for the electrons, and the presence of
photons does not change the basic conclusions derived
from the present results.

The fraction of the total radiation dose emanating
from intracellulardecays and deposited within the cell
itself(self-dose), as derived with the cellular dosimetry
model, is depicted in Figure 3 for 201@fl.The results
indicate that for high intracellular concentration (k@
1) and low values of f, most of the radiation dose
delivered is due to self-irradiation. Thus, the increase
in the cellular-to-conventional dosimetric ratio in Fig
ure 2 for k@ 1 and f < 0.2 is mostly due to the
increasing contribution ofthe self-dose when the radio

activity moves from the extracellular regions into the
cell. Similar conclusions have been reached for the other
three Auger electron emitters.

Figure 4 shows the influence of cell size on the dose
from 1231received by an individual cell in a cell cluster.
When the radionuclide concentrates selectively (f< 0.2)
and highly (k >> 1) in certain cells, there is a gradual
increase of the cellular dose with increasing cell diam
eter and consequently the ratio of the cellular to con
ventional dose increases too. Here again, similar results
are obtained with the other three radionucides.

Finally, the ratio ofthe cellular to conventional dose
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on the selective concentration of injected radiolabeled
Microlite in mouse liver Kupffer cells has been per
formed using autoradiography and quantitative video
densitometric methods (Makrigiorgos GM, Barn
nowska-Kortylewicz J, Vinter DW, et al: unpublished
data). As macrophages are randomly situated through
out the organ, the labeled cell geometry resembles the
one assumed in the present model. Thus, it was shown
that conventional dosimetry underestimates by factors
of 8 to 30 (corresponding to k = 200â€”1000and f =
0.001â€”0.01) the radiation dose delivered by @mTc@la@
beled colloids to the macrophages of the liver (photons
were included in the dosimetry). Similar conclusions
are valid for the macrophages of the spleen, lung, and
bone marrow.

The possible biologic consequences of such dosi
metric inaccuracies clearly depend on the radiosensitiv
ity of the labeled cells. In general, little is known about
the radiosensitivity of particular cell lines in most hu
man organs. With the continual generation of new
diagnostic radiopharmaceuticals suitable for imaging,
elucidation ofsuch considerations becomes increasingly
important. Radiobiologic studies (in vitro and in vivo)
as well as dosimetric analysis at the cellular level may
provide useful information regarding these issues.

APPENDIX 1

Determinationof the AverageEnergy Depositedin
Sphere 0 Per Decay in Sphere 0' for Electrons

The formulagivenby Cole(30) for the electronenergyloss
dE/dR(eV/nm)by an electronwithenergyE(eV)and residual
range R (nm) in water equivalent medium is:

dE/dR = 67.3.(R + 7)@435+ 5.63. l0@.RÂ°33,

whereR is relatedto the electronenergyby:

E(R)= ll9.l.(R+ 7)Â°565+4.23.l04.R'33â€”367.

FIGURE Al
Geometryassumedfor estimationof
energy deposited by electrons inone
cellper decay of uniformlydistributed
isotopein anothercell.

At a distancer fromthe decaysite, the electronhas a residual
rangeof

R = R10@â€”r,

where R@01is the electron range corresponding to the initial
energy of the electron, immediately following its ejection by
the radionuclide. Consequently the energy absorbed dE in the
annular region of a spherical shell with radii r and r + dr
centered around the site ofdecay is given by (9):

dE = th.dE/dR 0 < r< R@.

These formulae are valid over the electron energy region from
20 eV to 20 MeV.

Consider the geometry of Figure Al. The two equal size
spheres of radius RNrepresent cells at a distance u (center-to
center)from each other. The averageenergydEAdepositedin
sphere 0 per decay occurring at a random point A within
sphere0' is given by:

Cp+RN

dEA J
pâ€”RN

0.5.(l â€”cos O).dE/dr.dr,

where p is the distance from A to 0 and cos 0 = (r@+ p2 â€”
RN2)/2rp. The segment of the spherical shell with radius (p)

centered at 0 which intersects sphere 0' is equal to (2irp).p.
(1 â€”cos 4'), where cos 4@= (u2 + p2 â€”RN2)/2up. Hence, the
total energydepositedin sphere0 per decay in sphere 0' is
given by:

(â€˜U+RN

Eoo- J@ 2irp2(l â€”cos O)/(4irRNs/3)
-RN

I
4-RN

0.5 .(l â€”cos O)dE/dr.drdp,

where the factor4irRN3/3was introducedto convert on a â€˜per
decay' basis.

Finally, when a number of electrons having different ener
gies are emitted by the radionuclide, the energy deposited in
0' is calculated by summing the contributions from each
electron.
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