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When TI-201 is concentrated in mouse testes, the low-energy Auger electrons
following its electron-capture decay are found to be much more effective in caus

ing loss of testicular weight and reduction of sperm heads than the energetic beta
particles from similarly distributed TI-204. These results are contrary to expecta
tions based on conventional dosimetry of tissue-incorporated radionuclides, and

point to possible underestimation of risks by the currently adopted dosimetrie pro
cedures, especially In the case of radionuclides decaying by electron capture and
internal conversion.

J NucÃMed 24: 145-153, 1983

Thallium-201 is widely accepted in diagnostic nu
clear medicine as the radionuclide of choice for heart
function studies. A significant fraction (0.15%) of Tl-201
intravenously injected in humans is found in the gonads,
where it has a long biological half-life (/ ) relative to its
physical half-life of 73 hr (2). Recently, Tl-201 has also
been suggested for testicular imaging (3). Hossain and
Hossain (4) indicate that a considerably larger fraction
(~0.8%) of the injected dose may be taken up by human
testes within the first 24 hr. Like many other radionu
clides currently used in nuclear medicine, Tl-201 decays
by electron capture (EC) (2). The primary inner-
atomic-shell vacancies in the daughter Hg atom are filled
by a complex series of atomic vacancy cascades involving
radiative and nonradiative Auger and Coster-Kronig
(CK) transitions (6). The resulting emissions are the
clinically useful K x rays of Hg and a large number of
low-energy electrons with ranges of a few microns or less
in biological matter (see Appendix). Since thallous ions
behave as analogs of potassium cations (/,5), Tl-201 in
the testes may be expected to be highly concentrated by
the cells. Such intracellular concentration of Tl-201
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within the testes may result in localized irradiation of
cells such as the radiosensitive spermatogonia by the
low-energy electrons. In this work we have studied the
radiotoxicity of Tl-201, with its EC decay, in comparison
with the energetic beta decay of Tl-204 (7), distributed
similarly in mouse testes. We report that the cytocidal
effects of Tl-201 appear to be much more severe than in
the companion case of Tl-204, when the biological effects
are compared on the basis of the average calculated doses
to the testes derived from current dosimetrie procedures
recommended by the Medical Internal Radiation Dose
(MIRD) Committee (8) and the International Com
mission on Radiation Units and Measurements, ICRU
(9).

EXPERIMENTAL MODEL

We have used spermatogenesis in mice as the experi
mental model to explore the radiobiological effects of the
Auger-electron emitter, Tl-201, compared with the beta
emitter, Tl-204. While experiments on animals are in
teresting in themselves, data on radiation effects on
spermatogenesis in mice are relevant to man. This is
because the events from the division of a stem cell to the
production of sperm are essentially the same in mice and
man except for the time scale: about 5 wk for mouse
compared with about 10 wk for man.
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Spermatogenesis is a complex series of events (10).
The first step is stem cell (As) differentiation to produce
a pair of cells that, in turn, divide to give type AI sper-
matogonia. These subsequently divide to give rise to a
succession of gonial cells, designated as A2, AS, A4, In,
and B types. The type B gonia will divide to produce
primary spermatocytes, which divide to become secon
dary spermatocytes. The process of recombination of
genes and reduction of chromosome number by half,
known as meiosis, occurs during the two spermatocyte
divisions. The products of secondary spermatocyte di
vision are spermatids. These proceed, through a suc
cession of stages of differentiation without further di
vision, to become spermatozoa. The spermatogonial cells
are known to be very sensitive to radiation in both mice
and man (ll,12). On the other hand, the postgonial cells
(spermatocytes, spermatids, spermatozoa) are relatively
rÃ©sistentto radiation injury. This differential radiosen-
sitivity means that the lethal effects will not manifest
themselves in reduced testicular weight or sperm-head
counts until some time after irradiation. This is the time
required by the late-gonial cells surviving irradiation to
reach the spermatozoa stage. Thus spermatogenesis may
be used as a model to study the radiation effects in vivo
(13).

The validity of such a model requires that certain
criteria be satisfied. First, after a single acute exposure
of the testes of the experimental animal (mouse) to an
external gamma source, the time necessary for the
sperm-head count to reach a minimum has to be exper
imentally established for the particular strain of the mice
used. The decrease in sperm-head count measured at
such an experimentally established later time after the
initial exposure constitutes acceptable biological effect.
Second, in the case of tissue-incorporated radionuclides,
the time needed for sperm-head count to reach a mini
mum, after the initial administration, is the same as for
a single exposure to external gamma radiation (73) if
most of the radiation dose from the radionuclide is de
livered to the organ within the first 24 hr. This requires
that the effective half-time of the radionuclide in the
testes must be quite short.

Male Swiss Webster mice, 6 to 9 wk old and weighing
about 30 g each, were used in these studies. The sperm-
head counts in several randomly selected animals were
determined using procedures described later. No sta
tistically discernible differences in the sperm-head count
were observed whether the count was taken 4 wk or 8-10
wk after the mice were originally received. This assures
uniform spermatogenesis in the experimental animals.
Following single initial exposures of the testes to acute
doses (90 rads) of external Cs-137 gamma radiation, the
decrease of sperm-head counts, compared with unirra-
diated controls, was studied over several weeks. The
exposed mice were found to have the lowest sperm-head
counts on the 29th day following the original radiation

insult, in agreement with the results of an earlier study
on the same strain of mice (14). In spite of the very dis
parate physical half-lives of Tl-201 and Tl-204 [73 hr vs.
3.8 yr (2,7)], these emitters, administered into the testes
of these animals, have been found to be cleared from the
the organ very quickly, with a 2.5-hr biological half-time
for a fast component and a ~9-hr half-time for a rela
tively longer component (see Fig. 1). These consider
ations show that the above criteria of the model are fully
satisfied.

The central purpose of this work is to investigate the
radiobiological effectiveness of low-energy electrons
from Tl-201 decay relative to the energetic beta particles
from Tl-204. The usual procedure of intravenous injec
tion of radionuclides into the blood stream results in
accumulation of only a small fraction of the initial ac
tivity in the testes. The i.v. method necessarily results in
irradiation of the target (testis) by the penetrating ra
diations from the bulk of the Tl-201 activity in the rest
of the body. Intraperitoneal (i.p.) injection also suffers
from a similar disadvantage. In contrast, direct intra-
testicular (i.t.) injection of Tl-201 effectively eliminates
the nontarget-to-testis dose from dosimetrie consider
ations. Since the amount of Tl-201 activity involved in
the i.t. mode is not more than a few microcuries (maxi
mum of 25 AtCi), the whole-body dose to the animal is
small. We have therefore adopted the i.t. route in these
experiments.

MATERIALS AND METHODS

Carrier-free Tl-201, and Tl-204 at a specific activity
of 3.9 Ci/g were obtained as thallous chlorides. The so
lutions were heated to dryness and dissolved in normal
saline to obtain the required concentrations of radioac
tivity. The mice were anesthetized under ether and a
one-cm long ventral incision was made slightly posterior
to where the inguinal canal communicates with the body
cavity. The cut continued through the epidermis and
dermis into the inguinal canal. The right testis was ma
neuvered into this opening and partially exteriorized to
accept the injection. Using a microsyringe with a 27-
gauge needle aligned with long axis, 3 jtl of Tl-201 or
Tl-204 chloride were injected into the middle of the
testis. The organ was then maneuvered back through the
canal and the cut was closed with one or two stitches.
Mice that were untouched, sham-operated, or injected
with stable thallous chloride (up to 3 Â¿ig/injection),
served as controls. No difference in sperm-head count
was observed in the control groups. The animals were
killed 28 days after the injection, the time required for
late spermatogonial cells to become spermatozoa. The
testes were removed, weighed, homogenized in one ml
of deionized water, and sonicated for 30 sec. The sperm
heads, which are resistant to sonication, were counted
by microscope in a hemocytometer to a minimum of
200.
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The biological clearance of Tl in mouse testes was
studied for the first 48 hr after i.t. injection of 1 to 10Â¿iCi
of Tl-201 or Tl-204 chloride, the animals being killed at
different times in groups of at least five. The clearance
rates were the same whether 1Â¿tCior 10 /iCi of Tl-204
were injected, indicating that any stable thallium present
did not affect the elimination of Tl-204.

The detection and assay of the radioactivities of Tl-
201 and Tl-204 were performed using the established
principles of gamma spectroscopy. A Nal detector, with
a well 5 cm deep and 1.27 cm in diameter, was used. In
both cases, the Hg K x rays, with average energy of 72
keV, were accepted in the counter with a wide window.
While this method was very efficient for Tl-201, it was
also fully adequate for Tl-204, which can decay to
Hg-204 by EC with a branching ratio of 2.5%, yielding
1.5 K x rays per 100 decays (7). The sample-to-detector
geometry was the same for all the samples. The detection
efficiency for each radionuclide was determined by
counting, in the same geometry, Tl-201 and Tl-204
sources of known strength.

Frozen-section autoradiographic studies were per
formed to identify regions of concentration of thallium
in the testes of mice. The animals were killed 18 hr after
i.t. injection of 1 Â¿tCiTl-204 chloride. The testes were
removed, and immediately embedded in 7% gum tra-
gacanth, and plunged into isopentane at liquid-nitrogen
temperature. The frozen testes were then placed in a
cryostat and allowed to equilibrate for at least 30 min.
To prevent leaching or migration of Tl+ into liquid
emulsion, several slides were dipped in Kodak-NTB3
emulsion and allowed to dry before 10-^m thick sections
of the testes were cut and mounted on them. The sec
tioning was done under a red safe-light. The slides were
then stored in a light-tight box. After 1-6 days of expo
sure, the slides were developed, fixed, and stained using
standard procedures. The grains were counted under a
microscope in different regions of the seminiferous tu
bules from randomly selected sections and fields. Com
pared with the formalin autoradiographic method, the
approach adopted here ensures that there is no leaching
or movement of thallous ions in the organ after its re
moval.

RESULTS AND DISCUSSION

Test ieular clearance and radiation dose. The data on
the testicular clearance studies are graphed in Fig. 1. In
spite of the lower specific activity of Tl-204 compared
with the carrier-free Tl-201, both radionuclides are ef
fectively eliminated at essentially the same rate. The
observed biological half-times are 2.5 hr for the fast
component (25%) and 9.0 hr for the longer-lived com
ponent (75%) for thallous ions administered by the i.t.
route. Such a fast clearance is interesting in view of the
relatively avascular nature of the organ. For the
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FIG. 1. Biological clearance of intratesticularly injected Tl-201 and
Tl-204. Fraction of initial activity retained in testis as a function of
time is shown in semi-log plot.

longer-lived Tl-204, the effective half-times for the
components are 2.5 and 9.0 hr; for Tl-201 the values are
2.4 and 8.0 hr. Within the first 24 hr, about 90% of the
injected radioactivity is eliminated, so most of the ra
diation dose is delivered to the testis in this period.

Using the above results, the equilibrium absorbed
doses D to the testis were calculated followingthe MIRD
and ICRU procedures (8,9), which assume homoge
neous distribution of the radionuclides as well as the
radiation energy in the organ. The average testicular
dose D in rads is given by (8,9)

D = (A/m)(l/ln2)(f,T,e (1)

where A = initially administered activity in fid,
m = average mass of the unirradiated testis

(=0.1 g),
fi>f2 = relative proportions of the two

components (0.25 and 0.75, respectively),
TU, ÃŽ2e= the effective half-lives of the respective

components in hours,
Aj = equilibrium absorbed-dose constant for

the ith radiation from the decay, in g-rad/
MCi-hr,

and

fo= absorbed fraction for the ith radiation.

For Tl-204, the beta particles have an average energy of
243 keV, and A = 0.507 g-rad//iCi-hr (7). The average
radius of the nearly spherical testis is about 3 mm, in
comparison with the average (95%) range of about 1.4
mm for these beta particles in a water-equivalent me
dium (15). The absorbed fraction $ is taken to be unity*
for these nonpenetrating radiations, in keeping with the
MIRD schema (8). The weak (2.5%) EC decay of Tl-
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204 (7) contributes negligibly to the total dose. The
equilibrium absorbed dose to the testis is 54.0 rad per
Â¿Â¿Ciof Tl-204.

In the case of Tl-201, we have used the recent nuclear
data (17) to be consistent with the current practice of
Tl-201 dosimetry. The absorbed fractions <frare unity
for the low-energy conversion electrons and K and L
Auger electrons of short ranges, and 2AÂ¡= 0.08 g-
rad/iÂ¿Ci-hr(17) for these electrons. Using Tie = 2.4 hr
and T2c = 8.0 hr, the equilibrium dose to the testis from
these nonpenetrating radiations is calculated to be 7.6
rads per Â¿Â¿Ciof Tl-201. The contribution to the total dose
from penetrating x-rays and gamma photons arising in
the organ is found to be 0.70 rad per Â¿Â¿Ciof Tl-201 using
Eq. ( 1) and the following information. The values of AÂ¡
are taken from Nass (17), and those for <frare calculated
using the method of Powsner and Raeside (18) for a
spherical organ of water-equivalent material. The mass
absorption coefficients at various photon energies are
obtained by interpolation of the published values (19).
The quantity 2Aj</>i= 0.0073 g-rad/Â¿Â¿Ci-hr.The total
dose to the testis from Tl-201 is therefore 8.3 rad per Â¿Â¿Ci,
most of which stems from the Auger and conversion
electrons, whereas the dose from Tl-204 (54.0 rad/Â¿Â¿Ci)
is almost entirely due to the relatively high-energy

betas.
These dose estimates, based on the assumption of

uniform distribution of radiation energy in the organ
(8,9), suggest that Tl-201 should be much less radiotoxic
than Tl-204 on a Â¿Â¿Ci-to-Â¿Â¿Cibasis, since about 6 Â¿Â¿Ciof
Tl-201 are needed to deliver as much dose to the testis
as 1 Â¿Â¿Ciof Tl-204. Contrary to this, we have found that
Tl-201 decays are almost as effective as Tl-204 de
cays.

Loss of testicular weight and decrease of sperm-head
count. Figure2 showsthe fractionalweight loss, and Fig.
3 the reduction in sperm-head population, relative to
controls, as a function of the (calculated) dose to the
testis from various amounts of Tl-201 and Tl-204 ra
dioactivity injected into the testis. In each case the data
show a two-component response, with a sensitive com
ponent at lower doses and a relatively less sensitive one
at higher doses. Each data point is an average value for
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FIG. 2. Fractional weight loss of testes of mice as a function of
calculated average dose to the organ from intratesticular injections
of Tl-201 and Tl-204 as chlorides.
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FIG. 3. Sperm-head survival as a function of calculated average
dose to mouse testes from intratesticular injections of Tl-201 and
Tl-204 as chlorides.

at least five mice, and the standard error of the mean is
about 10-15%. Least-squares analysis of the data give

W(T1-201) = 0.25 e-Â°/25+ 0.75 e-D/440 (2)

W(T1-204) = 0.25 e-D/57 + 0.75 e~D/1746 (3)

for the weight loss W as a function of the dose D in rads
to the testis. The decrease in sperm-head count S with
dose is given by

S(T1-201) = 0.39 e-D/7 + 0.61 e-D/127 (4)

S(T1-204) = 0.39 e-D/26 + 0.61 e"0/515 (5)

The denominators in the exponents of each term in Eqs.
2 to 5 represent the corresponding values of the dose for
37% survival (D0) of each component. Values of'relative
biological effectiveness' (RBE) of Tl-201 relative to

Tl-204 were obtained from the ratios of D0 values for
Tl-204 and Tl-201 for each component in Eqs. 2 through
5. These experimental RBE values for the sensitive and
insensitive components are 2.3 and 4.0, respectively, for
loss of weight, and 3.7 and 4.1 for sperm-head survival.
Using the relative proportions of each component as
weight factors, the average 'RBE value' is calculated to

be 3.8 Â±0.4. This indicates that the radiobiological ef
fects of Tl-201 are two to four times more than expected
on the basis of conventional dosimetry.

Our observation of a two-component response in the
dose-dependence of the biological effects does not appear
to be due to artifacts of the experimental protocol. This
response is observed with both Tl-201 and Tl-204. These
radionuclides clear from the organ very fast, delivering
most of the dose within the first 24 hr. Thus there is no
likelihood of either a late effect or chronic irradiation as
being responsible for a shifting of attainment of the
minimum sperm-head count from the 29th day after
initial exposure to a much later period (20). In fact,
Kohn and Kallman (27) demonstrated in 1954 the ex
istence of two components in the weight loss of mouse
testis, with very different radiosensitivities for the two.
Similar two-component responses have recently been
reported (22,23) for testicular weight loss following ir
radiation of some strains of mice by fast neutrons, x rays,
and gamma photons. We note that the biological effec-
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tiveness of the low-energy electrons compared with en
ergetic beta particles observed in this work is about the
same as the RBE of fast neutrons when the effects of
neutrons are compared with those of 250 kVp x rays and
Co-60 gamma rays. The relatively less radiosensitive
component of the dose-response curve may possibly be
due to the existence of resting and hence radioresistant
spermatogonia. Such a view is plausible according to the
model of Dym and Cleremont (24) for the stem-cell re
newal process. On the other hand, it is possible that the
two-component response might be due to differential
radiosensitivities within the late spermatogonial cell
subpopulations.

The main finding of this work is the high efficacy for
biological effect of the radiations from intratesticular
Tl-201 compared with those from Tl-204. This is con
sistent with expectations based on several radiobiological
experiments (25-28) that indicate that intracellular
decays of radionuclides emitting Auger electrons may
be much more radiotoxic to mammalian cells in culture
than the beta decay of nuclides with similar intracellular
distribution. The rest of this discussion is an attempt
toward a reasonable understanding of our results.

AugerandCoster-Kronigelectrons from EC decay of
Tl-201. As a first step, we examined the nuclear decay
properties of Tl-201, and evaluated the complete spec
trum of radiations to be expected. Our results for con
version electrons, K and L Auger electrons, and x ray and
gamma photons agree with the work of Nass (/ 7), except
for minor differences. The CK and Auger-electron data,
not adequately treated so far, are given in the Appendix.
The net result is that the average energy released (and
absorbed) as nonpenetrating radiation per Tl-201 decay
is 43.3 keV rather than 37.5 keV as given by current
data. The contribution to the absorbed energy in the
testis from the photons is (103/2.13)2Aj<fr = 3.4 keV per
decay of Tl-201. Thus the total average energy deposited
in the organ is 46.7 keV per Tl-201 decay compared with
the 40.9 keV given by existing data. Therefore, the Tl-
201 dose estimate given earlier using the data of Nass
(17) needs to be enhanced by a factor of 1.14. The av
erage 'RBE value,' corrected accordingly, becomes 3.3

Â±0.3. This implies that the average dose from Tl-201 to
the spermatogonial cells is effectively enhanced by this
factor. Plausible reasons for such an enhancement are
offered below.

Resultsof autoradiography.A sample autoradiogram
of testicular tubular sections is shown in Fig. 4. Over
15,000 grains were counted in numerous tubules. In a
separate experiment we have determined that the grain
count due to background radiation is ~20% of the total
grains counted. The statistical average of the data, after
the background correction, gave (48 Â±4)% of the total
grains in or close to the 10 firn wide regions containing
the gonial stem cells and the differentiating spermato
gonia. The remaining grains were found mostly in the
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FIG. 4. Sample autoradiogram of seminiferous tubule (x 500) of
mouse testis, 18 hr after injection of Tl-204 chloride. Note relatively
increased localization of radioactivity in or close to the 10-/im-wide

shell containing stem cells and differentiating spermatogonia. On
average, total number of grains per tubule is about 500, of which
~100 grains are due to background. Background grains are assigned

to different regions assuming that they are, on average, proportional
to the respective areas.

rest of the tubule, with a small fraction appearing in in-
tertubular spaces.

In spite of the observed nonuniform distribution, the
basic assumption of a uniform equilibrium dose distri
bution in the organ, inherent in the conventional dosi
metrie procedures (8,9), is expected to be reasonably
valid for the energetic Tl-204 betas (Efl = 243 keV), with
their low average linear energy transfer of <0.2 keV/
/urn.Since the beta-particle range in water (~1.4 mm)
is much larger than the typical cellular diameter (~10
H\n), and much less than the size of the testis, the average
dose to the spermatogonial cells may not be too different
from the average dose to the testis. In sharp contrast to
this is the EC decay of Tl-201, with copious emission of
low-energy electrons of short range (see Appendix). The
enhanced localization of Tl-201 in the shell of tissue
containing the spermatogonia in each tubule should re
sult in a considerably higher locally absorbed energy
density compared with the average value over the whole
testis. This suggests a qualitative explanation for the
efficacy of Tl-201 for the biological effects. A more
meaningful understanding must be sought at the cellular
level.

Concentration effects and enhancement of cellular
dose. It is well knownthat most cells in vivoconcentrate
potassium cations by a factor of 30-50 relative to K+
concentration in the extracellular fluid (3-5 mM). Since
T1+ ions behave biologically as analogs of K+ (1,5), it

is quite conceivable that the thallous ions may also be
highly concentrated by the cells. This may well be the
most plausible reason for the observed localization of Tl
in the regions containing the spermatogonial cells. Re
cent in vitro studies (AI Kassis and SJ Adelstein, per
sonal communication) show that V 79 Chinese hamsters
lung fibroblasts accumulate 20IT1+to about 130 times

the concentration in the external culture medium. If
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indeed the spermatogonial cells in vivo accumulate
Tl-201 and Tl-204, we can account for the observed
dose-enhancement effects.

Let us focus our attention on one of the many cells that
may concentrate the radionuclides. For simplicity, we
assume that these cells are spheres of 10 ^m diameter,
and that the intracellular radioactivity is uniformly
distributed. The cell's total rate of average absorbed

energy Et, in keV/sec, stems from two sources: (a) Ec,
from decays within the cell itself, and (b) Ee, from decays
external to the cell. Let V be the volume of the organ
containing A Â¿iCiof radioactivity at any instant, fÂ¡the
fractional volume occupied by those cells that have
concentrated the radioactivity, and fe the fractional
volume of the rest of the organ, so that

fi + fe=l. (6.1)

We also define the following quantities:

vc = volume of the cell,
ce = extracellular concentration of radioactivity in

fid/ml,
cÂ¡= intracellular concentration = nce,
n = intracellular concentration factor,
Â£= average energy in keV deposited in the organ

per decay, and
ec = average energy in keV deposited in the cell per

decay in the same cell.
The average concentration of radioactivity in the organ
is then

(A/V) = cefe + cÂ¡fÂ¡= ce (fc + nfÂ¡). Using Eq. 6.1:

cÂ¡= nCe=(A/V)n/[fi(n-l)+l] (6.2)

The quantity Ec = (c- (number of decays per second in
the cell) = (3.7 X IO4)cÂ¡vcec.With cÂ¡as given above,

Â£c= (3.7 X IO4) (A/V)vcjnÂ£c/[fi(n- 1) + 1]| (6.3)

To a first approximation, the value of Â£eis given by the
density of the average energy absorbed in the organ per
second times the volume of the cell. Thus

e = 3.7X 104(AÂ£/V)vc (6.4)

Since the radioactivity inside the cell is very small rela
tive to the amount present in the entire organ, the total
intratesticular activity is used in obtaining Â£e,with the
added assumption of uniform distribution of radioac
tivity and radiation energy in the entire organ (8,9).
Thus, Â£eis just the same as that calculated according to
the MIRD schema and ICRU procedures. Since the
radiobiological effects are governed by the actual dose
received by the cell, and current procedures ignore the
intracellular contribution Â£c,conventional estimates
(8,9) of the dose rate are valid only if Â£cis negligible
compared with Â£e.Otherwise the dose rate to the cells
may be enhanced relative to the conventional estimate
by the factor

TABLE 1. CALCULATED DOSE-ENHANCEMENT
FACTORS FOR Tl-201 AND Tl-204 * FOR

VARIOUS VALUES OF CONCENTRATION
FACTOR, n, AS A FUNCTION OF CELLULAR

FRACTION, (,

10 50 100 150

0

0.05

0.10

0.15

0.3

0.5

0.7

4.0

(1.06)

3.07

(1.04)

2.58

(1.03)

2.28

(1.03)
1.81

(1.02)

1.55

(1.01)

1.41

(1.01)

16.0

(1.31)

5.34

(1.09)

3.54
(1.05)
2.80

(1.04)

1.95
(1.02)
1.59

(1.01)
1.42

(1.01)

31.0

(1.62)

6.0

(1.10)

3.73

(1.06)
2.87

(1.04)

1.97
(1.02)
1.60

(1.01)
1.43

(1.01)

46.0
(1.93)
6.3

(1.11)

3.83

(1.06)

2.93
(1.04)

1.98

(1.02)

1.60

(1.01)

1.43

(1.01)

* Values given in parentheses are for Tl-204.

N = Â£,/Â£e= (Â£e)/Â£e= 1 + (Â£c/Â£e).

Accordingly, using Eqs. 6.3 and 6.4,

N = l+!n(6c/Â£)/[fi(n- !) + !]). (7)

Inspection of Eq. 7 indicates (a) that N may be signifi
cantly larger than unity, even when the intracellular and
extracellular concentrations are the same (n = 1), if ?c
is comparable with Â£;and (b) that situations may exist
for which N is considerably larger than 1depending on
n, fÂ¡,and the quality of the radiations.

For the unique once-forbidden beta spectrum of Tl-
204 (7), Â£= 243 keV, and we estimate ?c = 1.5 keV
using the entire beta spectrum of Tl-204 corrected for
its deviation from the usual statistical shape of "allowed"

beta spectra, and using the calculational procedures
given by Kassis et al. (29). The value of ?cis not strongly
affected by possible deviation from the spherical ge
ometry assumed for the cells. For Tl-201, Â£= 46.7 keV,
as noted earlier, and ?c = 14.0 keV when the data on
Auger and CK electrons (Appendix), and on conversion
electrons (17), are used to calculate (29) ec.

Listed in Table 1 are dose-enhancement factors N
calculated from Eq. 7 for several values of fÂ¡and n. As
f, â€”*â€¢O,N attains large values for Tl-201 with increasing

values of the concentration factor. For such a sparsely
populated system of cells, N can attain values of the
order of 2 even for Tl-204 beta particles, for n Ã¤;100.
These considerations may be relevant to in vitro studies.
At the other extreme, for a highly cellular organ with
closely packed cells (fÂ¡~ 0.7) concentrating the radi
onuclides, N ~ l .4 for Tl-201, and approaches unity for
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Tl-204, even for large values of n. The essential point is
that the results in Table 1 clearly show that the dose-
enhancement factors of about 3-4, obtained in our ex
periments for Tl-201, are predicted by Eq. 7 for n Â£50
and an fÂ¡in the range of 0.1-0.15. For Tl-204, the pre
dicted dose enhancement is only <5% in the same range
of parameters.

The quantity fÂ¡represents the fractional volume of
those cells that have concentrated the thallous ions. It
seems reasonable to expect that the spermatogonial cells
constitute a major fraction of them. This is consistent
with the estimate of Green et al. (30) that the entire re
gion of the testis containing spermatogonial cells oc
cupies 17%of the volume of the organ in a close-packed
geometry for the tubules. If the cells are distributed
randomly in this region, the actual fractional volume
occupied by them may be somewhat less. This is con
sistent with the value of 0.1-0.15 for fÂ¡obtained above.
These considerations suggest that the model presented
here to account for the observed efficacy of TI-201, in
terms of concentration effects, is on reasonable grounds.
Further understanding at the microscopic level should
await availability of information on the actual intra-
cellular distribution of Tl-201 in the vicinity of the ra
diosensitive organdÃes,such as the DNA.

SUMMARY AND CONCLUSION

The work reported here provides the first clear evi
dence for the enhanced radiotoxicity of radionuclides,
such as Tl-201, that emit Auger electrons, in the bio
logically important process of spermatogenesis. When
such radionuclides are avidly concentrated by cells, our
results emphasize the inadequacy of radiobiological risk
estimates based on dose calculations using the simpli
fying assumptions of the MIRD schema (8) and the
ICRU procedures (9). This is fully consistent with the
dosimetrie implications (38) of Auger electrons at the
cellular and subcellular level. Our theoretical model
offers a reasonable way to arrive at dose-enhancement
factors arising from intracellular concentration ef
fects.

To facilitate clear delineation of the effects of low-
energy electrons from Tl-201, it was necessary to adopt
the i.t. mode of administration of Tl-201 into the mice.
In contrast, Tl-201 is intravenously injected into humans
in nuclear medical procedures. The fraction of the ini
tially injected radioactivity reaching the human testis
may have a very different residence time and distribution
in the organ relative to our experimental system. In view
of this, and of the generally recognized uncertainties of
extrapolation of the results of controlled laboratory ex
periments from animals to humans, care should be ex
ercised in projecting our results to applications of Tl-201
in patients. Nevertheless, to the extent that Tl-201 ions
entering the human testis behave biologically as analogs

TABLE 1A. AVERAGE SPECTRUM OF AUGER
AND COSTER-KRONIG ELECTRONS IN Tl-201

DECAYNo123456789101112Transition(s)N6.7AOl.3CK.N2

CK.M2CK.N6.7AC"2

CK. MS CK. LICKÃ–l

CK. N 1.2.3CK.MI

CK. Ne.7AN2.3.4.5

CK. ^2,3CK.LI

CKNl.2,4.5CK.

M!2CK,N4.5AN2.3.4

CK. M3CKMl,2

CK. LI CK. NIAMl.2CK.

L2CKLI

CK.MALAKAYield

per
100

decays205296466862809050225.621279Aver

age
energy
(keV)0.0250.0380.0620.0900.1570.2600.4270.7091.3881.8748.47'Range

in
unit-density

matter,
in ÃŸm(39)0.00140.00240.0040.0050.00750.0120.0200.0380.100.1702.303.4

61.07'65.0'

The corresponding values given in Ref. ( 17) are in error.

of K ions, they should be expected to be concentrated by
spermatogonial cells, among others. In that event, the
biological effects of the low-energyelectrons from Tl-201
in human use may be quite similar to what we find in the
case of mice. Accordingly, we hope that the basic re
search presented here will be of value in the assessment
of the biological implications of Tl-201 in human ap
plications.

FOOTNOTE

* For an assumed spherical geometry of the testis, and uniform
distribution of Tl-204 in the organ, 0 is about 0.87 (16), but this does
not significantly alter the conclusions of this paper.
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APPENDIX

Table 1A gives the average theoretical yields and energies of
electrons to be expected from Auger (A) and Coster-Kronig (CK)
transitions following the EC decay of Tl-201 to levels in Hg-201,
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and finally to the ground state of Hg-201 by internal conversion.
In these calculations, we used available nuclear information (2,31 ),
theoretical atomic radiative (32) and Auger and CK transition
rates (33-36), and experimental binding energies (37). The ex
tremely complex spectrum is simplified by grouping electrons of
comparable energies. Estimates for electrons from near-valence
shells should be regarded as first approximations because of pos
sible theoretical inadequacies in the use of an independent particle
model by McGuire (34-36) in the evaluation of transition rates,
and also because of possible environmental effects. The nuclear
data given by Nass (17) should be consulted for conversion-elec
tron spectrum and penetrating radiations.

For each electron group of energy E, its range R (last column,
Table 1A) is obtained by interpolation from the experimental data
of Cole (Table 3 in Ref. 39). Note that by virtue of their highly
subcellular ranges, electrons in groups 1 through 11, originating
from intracellular decays of Tl-201, deposit all their energy in the
same cell. In calculating, ec, the data of Cole on dE/dR vs. E
(Table 3, Ref. 39) have been used along with the procedures of Ref.
(29). Our estimate of fc is not affected even if values of dE/dR vs.
E are somewhat different, for the actual case of the spermatogonial
cells, from Cole's values for unit-density matter (39). This is be

cause the great majority of the electrons have low energies and
highly subcellular ranges, while the remaining few are mostly
energetic particles (17), contributing only minimally to the cellular
dose rate, (c, because of their sparsely ionizing nature.
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