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Bone marrow is the dose-limiting organ in targeted radionuclide
therapy. Hence, determination of the absorbed dose to bone
marrow from incorporated radionuclides is a critical element in
treatment planning. This study investigated the potential of the
micronucleus assay in peripheral blood reticulocytes (MnRETS)
as an in vivo biologic dosimeter for bone marrow. Methods:
After intravenous administration of 32P-orthophosphate or Y-
citrate in Swiss Webster mice, DNA damage induced in bone
marrow erythroblastoid cells was measured by subsequent
scoring of MnRETs in peripheral blood. The response to expo-
nentially decreasing dose rates was calibrated by irradiating
animals with external 3"Cs—y-rays. The y-ray dose rate was
decreased exponentially, with the dose-rate decrease half-time
corresponding to the effective clearance half-time (T,) of the
radioactivity from the femoral bone (T, = 64 h for °0Y-citrate and
Te = 255 h for 3P-orthophosphate). Results: The maximum
MnRETSs frequency occurred on the second and third day after
injection of 90Y-citrate and 32P-orthophosphate, respectively.
The same pattern was observed for exponentially decreasing
dose rates of 37Cs—y-rays. For each type of exposure, the
maximum MnRETs frequency increased in a dose-dependent
manner. Using the calibrated dosimeter, the initial dose rates to
the marrow per unit of injected activity were 0.0020 cGy/h/kBqg
and 0.0026 cGy/h/kBq for 32P-orthophosphate and °°Y-citrate,
respectively. Conclusion: Micronuclei in peripheral blood re-
ticulocytes can be used as a noninvasive biologic dosimeter for
measuring absorbed dose rate and absorbed dose to bone
marrow from incorporated radionuclides.
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radionuclide therapy. Today, the most widely used methods
for estimating the absorbed dose to bone marrow from
radiopharmaceuticals used in radioimmunotherapy are
based on the organ S value approach developed by the
MIRD Committee 8). This approach relies on calculations
based on standard models of the bod); piokinetics data

(5), and assumptions regarding the relative concentrations
of radioactivity in the blood and bone marro) (However,
despite intensive efforts, computational approaches to bone
marrow dosimetry have not been greatly successful at cor-
relating the marrow response with absorbed dose. The rea-
sons for this are many and include wide variations in patient
anatomy relative to the theoretic models used, variations in
relative uptake of radioactivity in the blood and marrow,
dose-rate effects, proliferation, bone marrow reserve, and
the different radiation properties of the radionuclides used
(7-11). Some of these complexities have been incorporated
into various dosimetry approaches, leading to modest im-
provement in correlation with marrow responsi,(13.
These efforts have brought about a call for dosimetry tech-
nigues that are even more patient specific.

One can argue that the most patient-specific method for
dose estimation would be a biologic dosimeter. The com-
plexities of individually calibrating a biologic dosimeter for
each patient make the method impractical at present; how-
ever, biologic dosimetry can be used to verify and validate
computational approaches. In addition, biologic dosimetry
for bone marrow can be useful in animal experiments.
Recently, survival of granulocyte—-macrophage colony-
forming cells (GM-CFC) was used as a biologic dosimeter
to experimentally determine the dose-rate kinetics in murine
bone marrow from incorporate®Y, 3P, and3P (9,14).

Bone marrow is generally recognized to be the dosgyy,q qh GM-CFC survival is an accurate biologic dosim-

limiting organ in targeted therapies such as radioimmung,fer for doses higher than 1 Gy

therapy or palliation of metastatic bone pain with radion
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at which cell Kkilling

. L sredominates, the method is invasive. This problem also
clides (,2). Consequently, estimation of the absorbed dolg P

to bone marrow is a critical element in planning targete

ists with survival assays based on more primitive marrow
lIs 15,19. Therefore, the use of GM-CFC as a biologic
dosimeter is limited for practical reasons.
Radiation-induced changes have been detected in periph-
eral blood cells at molecular, cytogenetic, and cellular
levels. Chromosomal aberrations and micronuclei are com-
monly used cytogenetic endpoints. Evaluation of chromo-
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somal aberrations in peripheral blood lymphocytes has pikq (experiment I) and 370 and 1,110 kBq (experiment II). All
vided valuable information on radiation exposure. Thiktravenous administrations were a 2@D-bolus through the tail
technique is the most frequently used method for biologkgin.
dosimetry (7—20. On the basis of strong evidence that the Separate experiments were performed to ascertain the biokinet-
chromosomal aberration yield is proportional to absorbdgf of **P-orthophosphate arf@-citrate in the femurs and various
dose, the International Atomic Energy Agency has propos8tuor organsg,14. The effective clearance half-time Jvalues
chromosomal aberration yield as a biologic dosimeter fde™ the femoral bone were 255 and 64 h, respectively. Dosimetry
retrospective dose assessment in radiation accidays ( calcglatlons indicated that more than 90% of the qbsorbed dose
The micronucleus assay has also effectively been used %%e'ved by the femoral marrow was from bone activilyle).
an alternativ_e to chromosomal aberrations fo_r evaluation_E;‘(perimemaI Model
the genotoxic or_clastoge_mc_effects of cher_nlcal and radia-The MnRETs in peripheral blood of mice were used as an in
tion exposure. Micronuclei arise from acentric fragments, Q{0 biologic dosimeter for bone marrow. The procedures of the
whole chromosomes, that fail to incorporate into the dauggssay were described in detail earli@6(2§. Briefly, blood
ter nuclei during mitosis. Consequently, enumeration @amples were collected immediately before treatment (8 d
micronuclei in the cytoplasm of the interphase daughter cebntrol) and 1, 2, 3, 4, 6, 7, 8, 10, 14, 21, 28, and 35 d &fr
has been used to quantitate clastogenic or aneugenic chi@mninistration or 0, 1, 2, 3, 4, 6, 8, 11, and 14 d after
mosome DNA damage. Early efforts to detect micronucl@jection. Blood (5uL) obtained without anticoagulant from a
in bone marrow cells were reporte@2,23. Micronuclei tail vein was placed on a microscope slide coated with acridine
have been found in the erythrocytes of mouse peripherabnge (C.I. 46005, 1@L at 1 mg/mL; Fisher Scientific Co.,
blood, and the use of this noninvasive peripheral blodckirlawn, NJ). A cover slip was immediately placed on the drop
micronucleus assay as an alternative to invasive bone mefrblood. The cells were allowed to settle overnight at 4°C in a
row assays has been shown possit®?d,29. Recently, humidified chamber. The cytogenetic analysis was performed
induction of micronuclei in peripheral blood reticulocytedVith @ BH2 epifluorescence microscope (Olympus, Tokyo, Ja-
(MnRETS) has been used as a biologic dosimeter in miean). Only retlculocytes. of types I, Il, and lll, as classified by
exposed to x-rays2g). Validation of the MnRETS test for Vander et al. 29) according to RNA content, were scored. One
assessing the mutagenic potential of well-known chemidfPusand randomly selected reticulocytes from each mouse
mutagens has also been reportaa)( were scored for the number of micronuclei (greenish yellow) in

. . . I . gach. The cells with only fluorescing dots were excluded from
In this article, a noninvasive in vivo method is presente

namely induction of MNRETSs in peripheral blood of miceZﬁgggg' Allscoring was by a single observer using coded
as a potential biologic dosimeter for determining the ab-

sorbed dose to the bone marrow from incorporated radi@alibration of the Biologic Dosimeter

nuclides. Studies were performed wittP-orthophosphate  The biologic dosimeter was calibrated using our custom-

or %Y-citrate. Both radionuclides are high-energyemit  designed low-dose-ratéCs irradiator (equipped with a com
ters with maximum energies of 1.71 and 2.28 MeV, respeguter-controlled mercury attenuator system), which facilitated
tively. These radionuclides were selected becali¥eis the delivery of exponentially decreasing dose ratesyahys
commonly in use and becau¥® was recently proposed as(30). This irradiator allowed simultaneous irradiation of mice
a promising isotope for radioimmunotherapyg). with different initial dose rates { by placement of different
groups of mice at different distances from th€Cs source.
Although the  values were different for each group of mice,
the dose rates were exponentially decreased using a predeter
Animals mined dose-rate decrease half-timg, fhie time required for the
Female Swiss Webster mice 5-6 wk old were purchased frqﬂﬁse rate to decrease by haB0j. In groups of three or more,
Taconic Farms (Germantown, NY) and used for our experimerige mice were caged on different shelves in the irradiator
after 1 wk of acclimation to the new housing conditions. Duri”%abinet, and the computer-driven mercury attenuator was pro-
the study, commercial mouse chow and purified water were Plrammed to deliver predefined values to each cage and then
vided ad libitum. Each experimental and control group consisted é?écrease the dose rates with a fixed The dose rates and total

a minimum of three animals. doses to each cage were monitored during irradiation using
Radionuclide Administration and Biokinetics MOSFET dosimeter probes customized for low-dose-rate mea-

The radionuclides were obtained in no-carrier added form (Nef!réments (Thomson Nielsen Electronics Ltd., Ottawa, Ontario,
England Nuclear, Boston, MAR?%P as orthophosphoric acid in Canada). On various days during the irradiation process, the
water was diluted in phosphate-buffered saline and injected int@imals were briefly removed from the irradiator and a blood
venously as a bolus containing activities of 185, 629, and 1228mple was obtained for assay of MNRETs. Twovalues (64
kBq (experiment 1) and 222, 655, and 1,110 kBq (experiment 1Ind 255 h) were used for these studies. Thegealues corre
The radionuclidé®Y was obtained as yttrium chloride in 0.05 Nsponded to the dvalues of°°Y-citrate (14) and3?P-orthophos
HCI, was buffered with 0.1 mol/L sodium citrate (pH 7.0), waghate in the femurs9j. The r, values from the bottom cage to
diluted with phosphate-buffered saline, and was injected intravéite top cage were 0.635, 1.33, and 2.86 cGy/h foy@fl64 h
nously as a bolus containing activities of 370, 1,110, and 1,66é#Hd 0.10, 0.17, 0.36, and 1.05 cGy/h for aaf 255 h.

MATERIALS AND METHODS
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FIGURE 1. Frequency of induction of MnRETs in peripheral

blood of mice as function of time after intravenous injection of
32P-orthophosphate. Results are shown for three different in-
jected activities. Error bars represent SEs of mean for two
independent experiments.

RESULTS

Biologic Response After Radionuclide Administration

tively. Similarly, %Y yielded MnRETs frequencies of
1.33% and 2.28% after injection of 370 and 1,110 kBq,
respectively. An administered activity of 1,665 kBey
resulted in severe depletion of erythrocytes, with no reticu-
locytes observed on days 1 and 2 after injection (Fig. 2). No
depletion effects were observed for t#® injected actiwi
ties.

The spontaneous incidence of MNnRETs established
for blood samples collected immediately before treatment
(0 d = control) ranged from 0.17% to 0.32% for all
experiments performed, with a mean value of 0.22%
0.08%.

Biologic Response After Chronic y-Irradiation

The results on MNRETS frequency as a function of initial
dose rate (cGy/h) and time after initiating irradiation by
chronic external®"Cs—y-rays with exponentially decreasing
dose rates are presented in Figures 3 and 4. fvallies of
255 and 64 h were set to simulate the bone marrow dose-
rate kinetics foP2P and®0Y injection, respectively. The days
on which the maximum induced MnRETs were observed
were the same as for the animals injected with radionu-
clides. That is, for chronic exposure terays with a T, of
255 h (simulated?P kinetics in the femur), the maximum
occurred on the third day after initiating the irradiation. On
that day, mean MnRETs frequencies of 0.37%, 0.43%,
0.92%, and 2.07% were induced hyvalues of 0.10, 0.17,

The average frequency of MNnRETs induced as a functi®h36, and 1.05 cGy/h, respectively. When the dose rate was
of injected activity (A,;) and time after injection is shown in decreased, with = 62 h (simulatec®Y kinetics in the

phate induced MnRETSs frequencies of 0.76%, 2.12%, and

3.03% after injection of 203, 642, and 1,165 kBq, respe
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FIGURE 2. Frequency of induction of MnRETs in peripheral

blood of mice as function of time after intravenous injection of
90Y-citrate. Response curves are shown for three different in-
jected activities. Error bars represent SEs of mean for two
independent experiments.
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FIGURE 3. Frequency of induction of MnRETSs in peripheral

blood of mice as function of time after initiating irradiation with
external y-rays from '3Cs irradiator. Dose rate was decreased
exponentially, with T4 of 255 h, which corresponds to T, from
femurs of mice that were injected with 32P-orthophosphate.
Data points represent mean *+ SE of mean of two independent
experiments.
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FIGURE 4. Frequency of induction of MnRETSs in peripheral
blood of mice as function of time after initiating irradiation with |njected activity (kBq)
external y-rays from '3Cs irradiator. Dose rate was decreased
exponentially, with T4 of 64 h, which corresponds to T, of
radioactivity from the femurs of mice that were injected with FIGURE 5. Frequency of induction of MnRETs in peripheral

90Y-citrate. Data points represent mean + SE of mean of two
independent experiments.

mean MnRETs frequencies of 0.82%, 1.50%, and 2.23
were obtained for rvalues of 0.635, 1.33, and 2.86 cGy/h
respectively.

MnRETs Frequency as a Function of A,

blood of mice as function of A, of 32P-orthophosphate on third
day after administration. Error bars represent SEs of mean for
two independent experiments.

WMNRETSs(y, T, = 64 h, day 2= 0.76+ 0.06 [, + 0.22,

) Eq. 4
where g is in cGy/h. TheRe? values for these fits were 0.95
and 0.95, respectively.

The MnRETs frequency on the day of maximum re-

sponse is shown as a function of,An Figures 5and 6 for
32P and®%Y, respectively. Least squares fits of the data to
linear function yielded the following relationships:

%MnRETs(*P, day 3 = 0.0025+ 0.00013A,; +
0.22and Eqg.1

%MnRETSs (%Y, day 2) = 0.0020+ 0.00024A,, +
0.22, Eq.2

where %MnRETS is the percentage of reticulocytes wi
micronuclei and 4\ is in kilobecquerels. The intercept of
0.22% represents the mean background value on day 0
all experiments performed. TH& values for these fits were
0.98 and 0.92, respectively.

Calibration of the Biologic Dosimeter

Figures 7 and 8 show the MNnRETSs induced as a functi
of initial dose rate (cGy/h) of3"Cs—y-rays. Least squares
fits of the data to a linear function yielded the following:

%MNRETs(y, Tg=255h,day 3=1.27*+0.10 1, +
0.22 and Eq.3
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FIGURE 6. Frequency of induction of MnRETSs in peripheral

blood of mice as function of A, of ®Y-citrate on second day
after administration. Error bars represent SEs of mean for two
independent experiments.
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FIGURE 7. Frequency of induction of MnRETSs in peripheral
blood of mice as function of initial dose rate from 37Cs—y-rays
on third day after initiating irradiation. External y-rays were
delivered with exponentially decreasing dose rate, with T4 of
255 h. Error bars represent SEs of mean for two independent
experiments.

Initial Dose Rate and Dose to Marrow as a Function of
AInj
The initial dose rate to the marrow per unit of,Acan be

ro/A (¥P) = 0.0020* 0.0004 cGy/h/kBq and Eq. 5

ro/Any () = 0.0026+ 0.0002 cGy/h/kBg. Eg. 6

The absorbed dose delivered to the marrow at the time
when the maximum MnRETSs frequency was observed was
obtained by integrating the dose rate (rft)r, exp(—0.693
t/Ty)). Integrating over 3 ah2 d for32P-orthophosphate and
90Y-citrate, respectively, gave:

D(t =3 d)/A,, (*P) = 0.131 cGy/kBq and Eq. 7

D(t = 2 d)/A,, (*°Y) = 0.097 cGy/kBq. Eq.8

Had these integrations been performed to infinity, the
values would be 0.734 and 0.239 cGy/kBq, respectively.
The absorbed dose required to produce a micronucleus
frequency equal to that which occurs spontaneously is
called the doubling dose. Using Equations 1 and 2, the
injected activities required to double the MnRETs fre-
guency were 88 and 110 kBq féaP and®0Y, respectively.
Equations 7 and 8 give doubling doses of 11.5 and 10.6
cGy, respectively.

DISCUSSION

Our study explores the potential of the MNRETS assay to
serve as a biologic dosimeter for bone marrow so that the
impact of exposing this critical organ to incorporated radio-
nuclides can be evaluated. Figures 1 and 2 show the induc-
tion frequency of MNnRETs as a function of time after

estimated for32P-orthophosphate from the ratio of the, yministration of3P-orthophosphate an#Y-citrate, re

slopes presented in Equations 1 and 3 and*fgrcitrate
from Equations 2 and 4. The values were, therefore,
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FIGURE 8. Frequency of induction of MnRETSs in peripheral

blood of mice as function of initial dose rate from 137Cs—y-rays
on second day after initiating irradiation. External y-rays were
delivered with exponentially decreasing dose rate, with T4 of
64 h. Error bars represent SEs of mean for two independent
experiments.
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spectively. In each case, the induction frequency increased
sharply, with a maximum observed on the third and second
days, respectively, after injection. Subsequently, the Mn-
RETs frequency dropped as the radioactivity in the bone
cleared, with a corresponding drop in the dose rate. The
same pattern emerges when the animals are irradiated with
exponentially decreasing dose rate3®€s—y-rays (Figs. 3

and 4). If one defines,}, to be the time required for the
MnRETSs frequency to drop to half its maximum value, then
the data on the descending portion of the graphs in Figures
1-4 can be fitted to an exponential function of the form:

%MNRETHt) = a exd—0.693t/T,,), EQ.9

where a is the extrapolated %MnRETs (hot used in the
current analysis) and t is the time elapsed after the maxi-
mum was attained. The results of these fits are given in
Table 1 for representative data from Figures 1-4. ¥er
orthophosphate, the radioactivity clears from the mouse
femurs with a T of 255 h (9), and the average,Jis 293 h.

In the case off%Y-citrate, for which the Tis 64 h, the
average T, = 89 h. Whenl¥"Cs—y-rays are delivered with

a Ty of 64 h, approximately the same average value is
obtained for T, (88 h), whereas an averagg,lof 253 h is
obtained when Jis 255 h. These data indicate that the drop
in %MnRETSs essentially parallels the drop in dose rate to
the marrow.
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TABLE 1 receive a higher dose than the reticulocyte precursors. Al-
Comparison of Half-Times ternatively, differences in the structure of the bone trabec-
ulae in the femur versus other parts of the skeleton may also

Treatment regimen Te* (h Ta (h Tun (h .
J =0 a® un () affect the absorbed dosg334. Experiments that use mar-
#2P-orthophosphate row from different skeletal compartments or use different
A = 642 kBq 255 - 298 marrow cells may help to resolve these questions.
A = 1,166 kBq 255 — 288 . . :
%0y _citrate The use of radiolabeled agents to deliver therapeutic
A = 370 kBg 64 — 94 absorb_ed doses to tumors is an attractive concept in targeted
A = 1,110 kBq 64 — 84 therapies such as radioimmunotherapy. Unfortunately, sys-
¥7Cs—y-rays temic administration of radiopharmaceuticals also irradiates
fo = 1.33 cGy/h - 64 ” the radiosensitive bone marrow cells. As a consequence,
fo = 2.86 cGy/h — 64 98 : A . :
_ marrow is often the dose-limiting organ in such therapies.
fo = 0.36 cGy/h — 255 252
ro = 1.05 cGy/h — 255 254 Therefore, knowledge of the absorbed dose rate and ab-

sorbed dose to the bone marrow is important in predicting
the biologic response of this radiosensitive tissue. The con-
siderable uncertainties in theoretic bone marrow dosimetry
make biologic dosimeters an attractive alternative. The Mn-
RETs assay offers several distinct advantages. The maxi-
When properly calibrated, %MnRETs can be used asnaum %MnRETs occurs in a relatively short time after
biologic dosimeter for incorporated radionuclides. This calpjection of the radiopharmaceutical, and the result can be
ibration process has been used to arrive at Equations 5 aiained shortly after the blood is drawn. In contrast, col-
6, which give the initial dose rate to the bone marrow pemy-forming assays such as GM-CFC and cobblestone re-
unit Aiy. The values obtained fo¥P-orthophosphate andquire longer times to reach their nadir, and the assays take
90y-citrate are 0.0020+ 0.0004 and 0.0026- 0.0002 1-4 wk to complete. Furthermore, these colony-forming
cGy/h/kBq, respectively. These values may be comparadsays require many bone marrow cells. In the case of small
with those obtained for the same radiochemicals when sanimals such as mice, obtaining sufficient cells requires
vival of GM-CFC is used as the biologic dosimeter. For theesection of one or more of the femurs or tibias, thereby
GM-CFC survival endpoint, the corresponding values farecessitating killing of the animal. This is not desirable
r/Ai, are 0.0031+ 0.0004 and 0.003& 0.0003 cGy/h/ when one is following the status of tumor-bearing animals
kBq, respectively 14). Thus, the GM-CFC endpoint sug-over extended times. Therefore, when properly calibrated,
gests that somewhat higher absorbed dose rates are dehe-MnRETS assay can be used to experimentally determine
ered to the marrow per unit of A However, several points the absorbed dose to the marrow while continuing to follow
must be kept in mind. The GM-CFC dosimeter actualljumor burden in the animals. This assay also has disadvan-
provides the initial absorbed dose rate to the femoral maages as a biologic dosimeter. For example, when the mar-
row, whereas the MnRETs dosimeter gives the averagen absorbed dose rates and doses are sufficiently high to
initial absorbed dose rate to all the marrow in the body. Theause a high degree of cell killing, finding enough reticu-
is because the GM-CFC data are derived from femoraicytes to score can be difficult, as occurred in our study
marrow specifically, whereas the MnNnRETs emerge fromhen 1,665 kBcfOY-citrate was administered (Fig. 2). In
marrow throughout the body and populate the periphertlat case, no reticulocytes were observed on days 1 and 2
blood. Given that both assays take into account all sourcaer injection. Very few reticulocytes were observed on day
of marrow irradiation (self- and cross-dose), and that &l after injection, possibly interfering with determination of
marrow in the mouse is active marrow, one may ask why tilee MNRETSs frequency. Therefore, caution must be exer-
values are different. One possible explanation is differentieised when doses are sufficiently high to kill a large fraction
uptake of radioactivity in the various bones of the skeletonf the reticulocytes. Figure 1 suggests that reliable results
The skeleton of the young mice used in these studies is im@ obtained with injected activities of at least 1,166 kBq
state of rapid growth, particularly the femurs and other lorfgP-orthophosphate. Using Equation 7, this activity corre
bones 81). Therefore, these bone seekers may have begponds to a marrow dose of approximately 1.5 Gy delivered
more actively concentrated in the femurs and tibias than during 3 d. Integration to infinity would result in a total
other bones. The result would be delivery of a highenarrow dose of 8.6 Gy. Figure 2 suggests that approxi-
absorbed dose to these regions compared with the skeletoately 1,110 kB{°Y-citrate is the limit for reliable results
as a whole. An alternate explanation may be that the twath this radiochemical. This 4 delivers a marrow dose of
different radiosensitive cells in the marrow that are precut-1 Gy during 2 d. Integration to infinity yields 2.7 Gy.
sors to GM-CFC and reticulocytes do not receive the sar@erefore, higher absorbed doses can be accommodated for
absorbed dose rate. There is evidence that the numerous Horthophosphate than f&fY-citrate, likely because of
types in the marrow are not homogeneously distributede very different § values that are required for these
(32). Therefore, the precursors to the GM-CFC cells maydiopharmaceuticals to deliver the same dose.

*These data are from (9,74).
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