
In the present study, we have measured bone marrow
radioactivity using direct counting of tissues from normal
rats and from tumor-bearing nude rats after intravenous
injection ofradiolabeled intact Mabs or F(ab')2 fragments
directed against carcinoembryonic antigen (CEA). Radia
tion doses to bone marrow and different organs were
calculated from time course radioactivity distribution
studies in normal rats. The results were also compared
with dosimetric studies performed in tumor-bearing nude
mice in the course of successful radioimmunotherapy (8,
9). A good correlation was found for all organsanalyzed
in the two species. In mice, however, radiation doses to
bone marrow could not be measured. A good correlation
was also obtained with experiments performed on dogs,
where bone marrow radioactivity was measured 24 hr after
injection of â€˜251-labeledirrelevant Mabs (6).

These experiments should be helpful for clinical dosi
metric calculations. Data obtained in one patient with
colon carcinoma metastasis in the liver, who was injected
with therapeutic doses of â€˜@@â€˜iintact anti-CEA antibodies,
suggest that this may indeed be the case.

MATERIALS AND METHODS

Monoclonal Antibodies
Intact antibodies and F(ab')2 fragments against two specific

determinants of CEA have been used: Mab 35 [(10), directed
against epitope Gold 2 (11)] and two chimeric human-mouse
molecules derived from mouse Mab CE2S-B7 [(8,12), directed
against epitope Gold 4, (1 1)]. These Mabs had been selected
according to criteria required for diagnostic or therapeutic injec
tion in patients (13â€”15),including high binding rate to purified
CEA and no binding to: (a) cross-reacting antigens NCA-55 and
NCA-95, (b) biliary glycoprotein, and (c) fresh human granulo
cytes (16).

Preparationof IntactMabs and F(ab')@Fragments
The intact Mab 35 (mouse IgG1 isotype) and one human

mouse chimeric Mab (human IgG2 isotype, derived from Mab
CE2S-B7) were purified from mouse ascites by ammonium sul
fate precipitation and ion-exchange chromatography (16). Chi
meric Mab CGP 44290 (12), (human IgG4 isotype, derived from

Normalrats were injectedintravenouslywith 131land 125l
labeled intact murine and chimenc mouse-human monoclonal
antibodiesdirectedagainstcarcinoembryonicantigenor with
the corresponding F(ab')@fragments. At different times after
injection, individual animals were killed and radioactivity of
bloodand majororgans,includingbonesand bonemarrow,
wasdetermined.Ratioscomparingradioactivityconcentration
in differenttissueswith that of bonemarrowwerecalculated
and found to remain stable during several effective half-lives
of the antibodies.Meanbonemarrowradioactivitywas 35%
(range, 29%â€”40%)of that of blood and 126% (range, 108%â€”
147%)of that of liverafter injectionof intact Mabsor F(ab')@
fragments. In nude rats bearing human colon carcinoma xen
ografts producingcarcinoembryonicantigen, relative bone
marrow radioactivitywas slightly lower than that in normal
rats.
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one marrow is one of the most radiosensitive organs.
When cancer patients receive intravenous injections of
radiolabeled monoclonal antibodies (Mabs) for the pur
pose of radioimmunotherapy (1-5), high radiation doses
are delivered to bone marrow, since blood circulation is
intense in it. Such radiation doses are even increased when
radiolabeled Mabs accumulate preferentially in bone mar
row as in the case of Mabs which either react with bone
marrow cells (6) or are denatured by radiolabeling proce
dures. In any case, bone marrow radiation toxicity repre
sents the major limiting factor in dose escalating therapeu
tic protocols using radiolabeled antibodies (1â€”5,7). Clini
cally, bone marrow dosimetry after injection of
radiolabeled antibodies is difficult to perform in patients
and leads to highly variable results depending on the
method ofcalculation used (2â€”5).
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CE25-B7)waspurifiedfromculturemediumbythemanufacturer
(CIBA-GEIGY,Basel, Switzerland).F(ab')2fragmentsofMab 35
and ofboth chimericMabwereobtainedfrompurifiedantibodies
by digestion with pepsin (Sigma, St. Louis, MO; pepsin 2-4%
(w/w), pH 4, 6â€”22hr at 37Â°C)and fractionation on Sephadex G
150(Pharmacia, Up@,sala,Sweden) and ion-exchange chromatog
raphy (16). F(ab')2 fragments of chimeric Mab of IgG4 subclass
were found to be unstable in nude mice experiments and were
successfully replaced by the F(ab')2 of chimeric Mab of 1g02
subclass.

Labeling of Mabs and F(ab')@Fragments and Injection
Into Rats

Antibodies (intact or F(ab')2) were labeled by the chloramine
T method with â€˜@â€˜Ior (251to a specific activity of0.8â€”0.9 @Ci/@g.
Binding of radiolabeled intact Mabs and F(ab')2 to purified CEA
insolubilized on CNBr-Sepharose (Pharmacia), determined as
described (16), ranged from 78% to 92%. Nonspecific binding to
irrelevant proteins on CNBr-Sepharose was below 2%. Five to 15
@zCiof 1251and â€˜@â€˜ilabeledMabs, either intact or F(ab')2,were
mixed together and each fraction was adjusted to 20 @igprotein
with unlabeled, but otherwise identical protein and injected in
travenouslyinto rats.

Normal Rats and Tumor Model in Nude Rats
For biodistribution studies, normal female rats (OFA-SD,

lops, from Iffa Credo,l'Arbresle,France)9â€”11 wk of age,
weighing between 240 and 308 g (mean 257 g) were used. For
comparison, biodistribution was measured in female nude rats
(LEW/Mol mu/mu), Mollegaard, Skensved, Denmark) aged 7â€”
10wk and weighing between 126 and 160 g(mean 140 g) bearing
human CEA producing colon carcinoma. Nude rats were pre
treated with 500 rad whole-body external irradiation (for preven
tion of human xenograft rejection) 2 days before receiving the
human colon carcinoma transplants. Human colon carcinoma
T380(17) wastransplantedinto the rightflankand human colon
carcinoma LS174T (ATCC, Rockville, MD) into the left flank of
the rats. Fifteento 20 days after tumor transplantation,animals
were injected intravenously with radiolabeled intact Mabs or
F(ab'), fragments.

Blodistrlbution of Radiolabeled Intact Mabs and
Fragments

At differenttimesafter injection(seeTables 1and 2), individ
ual rats were killed. About 2 ml ofblood were taken and normal
organs including six bones per animal(femurs, tibias and humeri)
were dissectedand radioactivitywas determined per gram of
tissue. Then, both ends of the six bones were clipped off and
bone marrowchasedout usingmetalwiresofdifferentdiameters.
Bonemarrow wascollectedon carefullyweighed,small piecesof
filterpaperexcludingany bone particles.Fiftyto 100mg of bone
marrow were collected from each animal in three different frac
tions (fraction 1: left femur and tibia bone marrow; fraction 2:
right femur and tibia bone marrow; fraction 3: bone marrow
from both humeri).

Eighttumor-bearingnude rats weresimilarlyinjectedwith
either intact antibodies or F(ab')2 fragments and analyzed for
tissular radioactivity distribution at times indicated in the Results
section.

Dosimetry
Calculation of radiation doses was based on concentrations of

radioactivity measured in bone marrow and other tissues at

different times after injection of radiolabeled Mabs in normal
rats assuming uniform distribution of antibody in all organs as
anticipated from the â€œMedicalInternal Radiation Doseâ€•(MIRD)
calculations(18). The injecteddiagnosticdosesof 125I@and â€˜@â€˜i
labeled antibodies or fragments were extrapolated to therapeutic
doses of â€˜@â€˜iradioactivity, allowing comparison with previously
reporteddosimetryresultsin mice.

The integral activity in @tCix hr was calculated per gram of
normal organs and blood. Tissue absorbed fl-radiations were then
calculated according to (19):

D0=2.l3x@Ci/gxhrxE,,rad
[E@of â€˜@â€˜I= 0.19g/(@Cixhr)]

Additional #y@radiationwas assumed to be equally distributed
in whole animals. Calculations including the six major â€˜y-radia
tion energiesemitted by â€˜@â€˜Iindicated that whole-body-y-radia
tion represents approximately 10% ofthe whole-body f3-radiation
for a 30-g mouse and about 16% for 240â€”308-grats (19). Simi
laxly, for an average 65 kg patient treated with intact â€˜311-labeled
Mabs, fly-radiationdelivered to the central parts of the body was
calculatedto represent84%ofthe whole-body@9-radiation(19.).

RESULTS

Tissue Distribution of Intact Mabs and Fragments in
Normal and Tumor-Bearing Nude Rats

Nine OFA rats were injected with two radiolabeled
intact anti-CEA Mabs (â€˜251-chimericMab of human 1g04
subclass and â€˜311-Mab35 of mouse IgG1). Individual am
mals were killed at different times after injection and tissue
radioactivity distribution was measured and expressed in
percent ofinjected dose (% ID) after correcting for physical
half-life of the iodine isotopes (Table 1). The decrease of
tissue radioactivity after injection ofboth intact antibodies
revealed two phases in most organs. In blood, we observed
an initial half-life (lasting for approximately 1 day) of 26
and 15 hr, followed by slower half-life of 194 and 100 hr
for Mab 35 and chimenc Mab, respectively.

For bone marrow, the figures shown in Table 1represent
the mean bone marrow radioactivity concentrations of
individual rats. Half-lives of intact antibodies in bone
marrow were similar to those observed in blood with initial
half-lives of 24 and 20 hr followed by slower half-lives of
149 and 88 hr for Mab 35 and chimeric Mab, respectively.
Comparing bone marrow from different bones (data not
shown), revealed that bone marrow of left and right tibia
and femur contained very similar radioactivity amounts,
with a mean difference of0% and 3% for each ofthe two
intact antibodies. When bone marrow from both humeri
was compared with that offemurs and tibias, however, the
mean radioactivity concentration in humeri was 24% and
23% lower for intact Mab 35 and for chimenc Mab,
respectively. This was statistically significant with p = 0.03
and p < 0.007 for Mab 5 and chimeric Mab, respectively,
using two factors-analysis of variance.

Muscles behaved differently from other organs with
maximum radioactivity concentration reached at 24 hr
after injection only, followed by a slow decrease.
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withTwoIodineIsotopesTime

afterinjection(inhr)1

4 812 2448 72 96 144

TABLE I
Time Course Tissue Distributions Measured in Normal Rats Injected with Two Intact Mabs Labeled

IntactMab35Bone
marrow1 .23'1 .731 .321.530.760.530.340.350.31Blood3.793.773.322.942.131.501.331.101.07Kidney0.871

.011.000.860.620.330.310.300.29Lung1
.901 .691 .451.430.850.530.500.470.51Liver1.150.980.991.080.600.340.310.300.32Heart0.650.931

.200.770.550.360.330.300.29Spleen0.800.660.570.610.380.250.240.190.22Bone0.230.350.330.280.190.120.110.090.11Muscle0.050.080.090.110.140.090.090.100.10Intact

ch@ericMabBonemarrow1.40*1.491.111.170.500.310.180.200.13Blood3.452.972.312.021.160.770.650.610.39Kidney1

.581 .521 .341.220.650.340.290.280.19Lung1

.951 .581 .411.280.670.360.320.340.23Uver0.990.800.720.690.320.180.150.160.11Heart0.670.881.010.670.380.210.190.200.12Spleen1.530.700.760.560.330.160.140.130.10Bone0.250.320.290.250.140.070.060.070.05Muscle0.060.090.080.1

10.1 10.070.060.070.05

C Percent injected radioactivity (after correction for physical half-life) per g of tissue in rats dissected at different times after injection of

eitherintactMab35 or intactchimerichuman-mouseMab.

Eight other OFA rats were injected with radiolabeled
F(ab')2 fragments of the two anti-CEA Mabs. F(ab')2
fragments of chimeric Mab of human 1g02 subclass were
labeled with 125!and the fragments of murine IgGi Mab
35 with â€˜@â€˜I.Forthe two antibody fragments, both in blood
and bone marrow, mean initial half-lives of 6 hr (range,
5.7â€”6.5 hr) followed by half-lives of 12 hr (range, 11.7â€”
12.3 hr) were observed (results calculated from data of
Table 2).

The data in Table 2 represent the mean bone marrow
radioactivity concentrations of individual rats. Compari
son of radioactivity concentration in bone marrow from
different bones (data not shown) revealed that bone mar
row ofleft and right tibia and femur contained very similar
amounts ofradioactivity with mean differences of0% and
3% for each ofthe two Mab F(ab')2. Mean humeral bone
marrow radioactivity, however, was 14% and 17% lower
for F(ab'> fragments of Mab 35 and of chimenc Mab,
respectively, as compared to that of femurs and tibias.
Statistical comparison using two factors-analysis of van
ance indicated that this was significant with p < 0.007 and
p < 0.01 for Mab 35 and chimenc Mab, respectively.

Four nude rats, beaning two human colon carcinoma
xenografts each, were injected with the same mixture of
intact antibodies as that given to normal rats. Two rats
were killed and analyzed for tissue radioactivity distnibu
tion at Day 1 and the two others at Day 3 after injection
(Fig. lA-B). Intact chimeric Mab again had a shorter half
life than Mab 35 in normal organs and tumor. Tumor-to

normal tissue ratios were very similar for both antibodies,
except that the ratio comparing tumor-to-kidney was
slightly higher for munine Mab 35.

Four other nude rats bearing the same two human
tumor xenografts were injected with the same F(ab')@
fragments as the normal rats. Two animals were dissected
after 8 hr and 2 others after 24 hr. Radioactivity distnibu
tion expressed in % ID/g of tissue of two of these animals
bearing colon tumor T380 transplants of 0.3 and 0.47 g
and LS174T tumors ofO.8 and 1.5 g are shown in Figure
1C-D. In the two other rats, T380 tumors were larger(1.9
and 2 g) and % ID/g of T380 tumor were lower (between
2.5% and 3.8%, results not shown), as observed earlier for
large tumors in nude mice (9). The radioactivity concen
trations in normal tissues, however, were similar to those
obtained in nude rats beaning smaller tumors.

In general, the percent injected radioactivity per gram
tissue in all normal organs of tumor beaning nude rats
were higher than those observed in normal rats. This is
probably due to the smaller body size of these animals
(mean weight of nude rats was 140 g versus 257 g for
normal rats).

Organ-to@BoneMarrowRatiosinNormalandTumor
Bearing Nude Rats

Organ-to-bone marrow ratios for all dissected normal
rats were calculated and found to remain stable (except
when comparing muscle and heart with bone marrow)
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Time Course of Tissue Distributions Measured inNormal
IodineTABLE

2
RatsInjectedwith Two MabF (ab')@

Isotopes
Timeafter injection(inhr)FragmentsLabeledwith

Two0.2512

4 8122448

2@ 0

I..@@

D

Mab35 F(ab')@fragmentsBone
marrow1 .27*0.911.060.800.470.600.310.06Blood4.404.073.483.121.881.730.850.20Kidney1

.411 .681 .391.550.900.810.510.15Lung1.881.471.601.190.860.950.440.13Liver1

.020.850.840.790.500.500.240.07Heart0.700.780.800.820.500.530.260.05Spleen0.770.700.600.590.390.420.210.07Bone0.240.200.220.230.140.190.100.03Muscle0.050.050.080.080.080.080.080.02Chimenc

MabF(ab')@fragmentsBone
marrow1 .48*1 .051 .110.850.540.560.230.06Blood4.043.502.962.621.501.340.460.15Kidney2.352.791.892.030.820.820.440.12Lung1.821.421.501.120.980.920.410.11Liver1.170.870.810.720.440.440.160.05Heart0.680.790.780.800.500.500.200.05Spleen1

.271.230.870.880.570.550.190.06Bone0.250.210.210.210.140.180.080.02Muscle0.050.070.080.080.080.080.060.02

* Percent injected radioactivity (after correction for physical half-life) per g of tissue at different times after injection of F(ab')@ fragments

fromeitherMab35 or chimerichuman-mouseMab.

with no trend to either increase or decrease over the whole
period of observation. This was confirmed when mean
organ to bone marrow ratios and their standard deviations
were calculated for each Mab in the intact or fragment

form. As shown in Tables 3 and 4, the standard deviations
of these ratios calculated for four to nine animals were
small for comparing radioactivity in blood, kidney, lung,
liver, heart, spleen, and bone with that in bone marrow.
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FIGURE1. Tissue distributionsof
radioiodinated intact Mabs and F(ab')@
fragmentsin tumor-bearingnude rats.
PanelsA and B show the %lD for intact
antibodies,Mab 35 (black bars) and chi
m@c Mab(openbars)from groupsof two
rats dissected 1 day (A) and 3 days (B)
after injection (half the range is indicated
by verticallines).PanelsC and D ShOWthe
% ID for F(ab')@fragmentsof Mab 35
(black bars) and chimeric Mab (open bars)
from individual rats dissected 8 (C) and
24 hr (D)afterinjection.Thedifferenttis
sues shown are, from left to right, human
colon carcinomas T380 and LS174T,
blood, kidney, lung, liver, heart, spleen,
muscle, bone, and bone marrow. Tumor
weights(ingrams)were for tumorT380:
0.3and0.47(A),0.38and0.38(B),0.78
(C),and0.66(D);andfor tumorLS174T:
0.9and1.1(A),0.7and1.4(B),1.49(C),
and 1.87(D).
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TABLE3
Organ-to-Bone Marrow Ratios Calculated from Biodistribution Studies in Normal Rats and

Injection of Radiolabeled Intact AntibodiesTumor-Beaiing
NudeRatsAfterMabs

35ChimericMabsTumor-BearingTumor-BearingNormal

rats nude rats Normal ratsnude rats

TABLE4Organ-to-Bone
MarrowRatiosCalculatedfrom BiodistnbutionStudiesin NormalRatsandTumor-BearingNudeRatsAfterInjection

of Radiolabeled Mab F(ab')@FragmentsMab

35 F(ab')@fragments ChimericMabF(ab')@fragmentsTumor-Bearing

Tumor-BearingNormal
rats nude rats Normal rats nude rats

* Organ-to-bone marrow radioactivfty ratios (mean Â± s.d.) calculated from eight normal rats after injection of F(ab')@ fragments of Mab 35

andof chimencMab.
t Organ-to-bone marrow radioactivity ratios (mean Â± s.d.) calculated from four tumor-bearing nude rats after injection of F(ab')@ fragments

of Mab35 andof thimeÃ±cMab.

BIOOd/BM2.85 Â±0.60k4.43 Â±O.95@2.52 Â±0.594.02 Â±O.9l@Kidney/BM0.75
Â±0.141 .27Â±0.281 .25Â±0.201 .86Â±0.34Lung/BM1

.23Â±0.262.55 Â±0.871 .39Â±0.292.86 Â±0.86Liver/BM0.80
Â±0.141 .42Â±0.240.68 Â±0.111 .20Â±0.24He&t/BM0.73
Â±0.181 .24Â±0.270.78 Â±0.201 .34Â±0.29SpIeen/BM0.53
Â±0.130.66 Â±0.090.68 Â±0.191.05 Â±0.18BOne/BM0.24
Â±0.050.40 Â±0.040.27 Â±0.070.46 Â±0.06Muscle/BM0.16
Â±0.110.28 Â±0.090.20 Â±0.140.38 Â±0.14

* Organ-to-bone marrow radioactivity ratios (mean Â± s.d.) calculated from nine normal rats after injection of intact Mabs 35 and intact

chimenc Mabs.
t Organ-to-bone marrow radioactivity ratios (mean Â± s.d.) calculated from four tumor-beating nude rats after injection of intact Mabs 35

andintactchimencMabs.

The mean coefficient of variation of the above ratios was
20%, ranging from 10% to 31%.

Muscle is clearly an exception to the rule of a stable
ratio between tissue and bone marrow. As already stated,
muscle radioactivity increased during 4 to 24 hr after
injection of intact antibodies or F(ab') and then progres
sively decreased (Table 1 and 2).

Heart muscle represents another exception, similar to
skeletal muscle, but radioactivity in heart increased more
rapidly. It reached a maximum at 4â€”8hr (Table 1 and 2)
and then decreased like in the other organs.

Comparison of organ-to-bone marrow ratios obtained
in tumor-bearing nude rats after injection of intact anti
bodies (Table 3) shows a good correlation with normal
rats (correlation factor r@= 0.96 and 0.97 for Mab 35 and
chimeric Mab, respectively). In tumor-bearing nude rats,

however, all ratios comparing organ radioactivity with that
of bone marrow are higher (Table 3), indicating that bone
marrow in tumor-beaning nude rats took up relatively less
radioactivity than other organs.

Similarly, organ-to-bone marrow ratios after injection
of F(ab')2 fragments in nude rats correlate well with nor
mal rats (Table 4; correlation factors r@= 0.91 and 0.89
for fragments of Mab 35 and chimeric Mab, respectively).
Again, however, most ratios in tumor-bearing nude rats
were higher than those observed in normal rats (Table 4),
except for ratios comparing blood and kidney with bone
marrow, which are similar in both groups of rats.

Since bone marrow ofirradiated nude rats might be less
relevant for comparison with human bone marrow, nude
rat results are not included in the following dosimetry
study.

BIOOd/BM3.49 Â±0.593.33Â±O.27t2.72 Â±0.40*2.81 Â±O.l9@Kidney/BM1.68
Â±0.401.76 Â±0.161.96 Â±0.411.99 Â±0.22Lung/BM1

.62 Â±0.192.52 Â±0.601 .54Â±0.292.46 Â±0.52Liver/BM0.92
Â±0.131 .44Â±0.240.80 Â±0.081 .20Â±0.24Heart/BM0.86
Â±0.161.20 Â±0.170.81 Â±0.171.33 Â±0.18Spleen/BM0.75
Â±0.161.11 Â±0.180.99 Â±0.141.14 Â±0.07BOne/BM0.28
Â±0.070.47 Â±0.050.26 Â±0.080.55 Â±0.12Muscle/BM0.14
Â±0.100.29 Â±0.110.14 Â±0.090.28 Â±0.10
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TABLE 5
Radiation Doses Absorbed by Tissues (in rads) Estimated

from BiodistributionStudies131l4ntact

Mabs 131l-MabF(ab')@In

rats Inmice Inrats Inmice
1311 injected (mCi)

3.65 0.56 10.00 2.43

* Bone marrow and normal tissue radiation doses (in rads) calcu

latedfromradioactivitydistributionsin rats.
t Normal tissue and tumor radiation doses (in rads)calculated from

radioactivftydistributionsin tumor-beatingnudemiceasdescribed
(9).

and 800 rads after injection ofrats with 131!intact Mab or
F(ab')2, respectively, can thus be considered as realistic for
mice treated with 0.56 and 2.43 mCi of 131!intact Mabs
and F(ab')2, respectively.

The higher dose delivered to bone marrow by intact
antibodies as compared with fragments is in agreement
with the more severe toxicity observed in mice treated
with intact Mabs (9). The high bone marrow radiation
doses were well tolerated by the mice and only 1 out of 18
animals showed a decrease of peripheral white blood cells
below 1000 cells per mm3 (9).

DISCUSSION

The lack of reliable radioactivity measurements in the
bone marrow of cancer patients after injection of radiola
beled antibodies limits the monitoring and prediction of
side effects. Clinical estimations of radiation doses deliv
ered to the bone marrow vary widely between different
centers: at the lower extreme, some radiotherapists assume
that bone marrow radiation dose is similar to whole-body
dose. This assumption is based on results from an expeni
mental study in mice, where bone marrow dose has been
reported to be 33 and 11 times lower than that of blood
after injecting iodinated irrelevant Mab and anti-Thy 1.1
Mab, respectively (20). In another study, bone (not bone
marrow) radiation dose was calculated to be 8.3 and 6.7
times lower than that of blood for iodine- and yttrium
labeled antibodies, respectively (21). At the other extreme,
some investigators assume that the radiation dose delivered
by radiolabeled antibodies to bone marrow is approxi
mately the same as that to blood (2).

Results from our studies in mice and rats indicate that
the difference between whole-body and blood radiation
doses can be as high as six-fold (Table 5). The measured
bone marrow radioactivity in rats (Tables 3 and 4) and
the resulting calculated bone marrow radiation doses
(Table 5) were between 2.5 to 3.5 times lower than blood
and about two times higher than whole-body doses, both
after injection of intact Mabs or F(ab')2 fragments.

Our present kinetic tissue distribution data in rats mdi
cate that the ratios comparing radioactivity in bone mar
row with that in several organs remain stable during ob
servation periods ranging from 1 hr to 144 hr after injec
tion of intact antibodies or from 15 mm to 48 hr after
injection of fragments. This may be important for further
dosimetry studies. For instance, the mean bone marrow
radioactivity at different times was 37.4% ofthat of blood
(range, 35. l%â€”39.7%)after injection of intact antibodies
and 32.7% (range, 28.7%â€”36.8%)after injection of F(ab')2
fragments.

In individual rats, a significant difference was observed
when radioactivity of bone marrow from humeri was
compared with that of femurs and tibias, suggesting that
variable amounts of â€˜31I-labeledantibodies can be retained
in bone marrow located in different bones. It has not been
possible to obtain representative bone marrow samples

Calculation of Tissue Radiation Doses in Normal Rats
in Comparison with Results Obtained in Tumor
BearingNudeMice

In order to compare the dosimetric results in normal
rats with those obtained in previous radioimmunotherapy
experiments in tumor-bearing nude rats (8,9), we selected
theoretical injected amounts of â€˜311-labeledMabs and frag
ments which would deliver the same radiation dose to the
blood of rats as was delivered to that of nude mice. These
amounts were 3.65 mCi of @â€˜Ifor intact Mabs (pool of
Mab 35 and chimeric Mab) and 10 mCi of @Ifor F(ab')2
(pool ofF(ab')2 ofMab 35 and chimeric Mab). Calculated
radiation doses compared with the previously reported
results in tumor-bearing nude mice are shown in Table 5.

The amount of injected radioactivity selected to deliver
identical radiation doses to blood delivered also very sim
ilar radiation doses to other normal organs including kid
ney, lung, liver, heart, spleen, bone, and muscle in the two
types ofanimals. Statistical comparisons ofradiation doses
calculated for the normal organs of rats and mice exhibit
a very high degree of correlation (r@= 0.993 and 0.978),
the slope of the regression line being close to one (0.992
and 1.056) for intact Mabs and F(ab')2, respectively. A
similar comparison ofthe present rat tissue dosimetry data
with those from another therapeutic experiment in mice
(8), in which a single dose of 2200 @Ciof @â€˜IMab F(ab')2
had been injected, gives also a high degree of correlation
with r@= 0.987 and a slope ofthe regression line of 0.96.

The high correlation of calculated radiation doses be
tween eight organs of normal rats and of tumor-beaning
nude mice indicates that the radiation doses to bone
marrow are very similar between the two types of animals.
The calculated radiation doses to bone marrow of 1180
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from other bones of rats. In patients, after injection of
iodinated anti-CEA Mabs without crossreactivity with
granulocyte glycoproteins, external scintigraphy showed
no evidence of enhanced accumulation of radioactivity in
bone or bone marrow (14,15,22).

The relatively low radioactivity concentration observed
in the bone marrow of tumor-bearing nude rats as com
pared to normal rats is surprising. Initially, rather an
increased bone marrow radioactivity was expected in ani
mals bearing large CEA-producing tumors due to accu
mulation of antigen-antibody complexes in the reticulo
endothelial system, including bone marrow. One possible
explanation for the relatively low bone marrow radioactiv
ity in tumor-bearing nude rats might be that T cells and
other white blood cells bearing Fc receptors are absent or
reduced in nude rats, due to genetic immunodeficiency
and to the 500-rad whole-body irradiation given to facili
tate tumor grafting.

We have compared our experimental biodistribution
results in rats with those obtained in four dogs that were
all killed 24 hr after injection of intact â€˜25I-labeledirrele
vant Mab and â€˜3I-anti-Ia(HLA-DR) Mab (6). In dogs,
bone marrow radioactivity ofirrelevant Mab at 24 hr after
injection was 30% of that of blood, while in our normal
rats the mean value for both intact antibodies in all nine
rats (killed at different times) was 37.4% (Â±8%)of that in
blood (Table 3).

Statistical comparison of the mean organ-to-bone mar
row ratios calculated from the nine rats injected with intact
antibodies (Table 3) with the data obtained in dogs (6)
gives high correlation factors with r@= 0.95 and 0.85 for
Mab 35 and chimeric Mab, respectively. This suggests that
the rat data might be extrapolated to higher vertebrates
and humans.

In calculating radiation doses to different organs, it was
assumed that both intact Mabs and F(ab')2 fragments were
equally distributed in each organ and that 1311fl-radiation
produced a homogeneous irradiation due to crossfire ef
fect. Such assumptions might not always be valid, as it has
been shown for tumor tissue, where antibody distribution
and energy of fl-particles of a given isotope can produce
quite different irradiation patterns (23,24).

When comparing rat dosimetry data with those of tu
mor-bearing nude mice that have been treated with radi
olabeled antibodies (8,9), we have extrapolated radiation
doses for nude mice bone marrow that appear rather high
(1 180 rads for 560 @iCiof @â€˜Iintact Mab and 800 rads for
2430 MCi of â€˜3I-F(ab')2, Table 5). Two arguments might
explain the good tolerance of the mice to the calculated
high radiation doses. First, radiation delivered to bone
marrow by @Iintact antibodies or fragments is highly
fractionated and represents a low dose rate (maximally 25
to 45 rad per hr immediately after injection of intact Mabs
and F(ab')2, respectively), thus allowing DNA repair to
occur (23). Second, a relatively high proportion of bone
marrow cells lies close to trabecular bone structures or

solid shafts (25) that contain low radioactivity concentra
tions. Thus, these bone marrow cells may be exposed to
only one-half of the calculated radiation doses [similar to
the decreased radiation exposure expected for cells at the
periphery oftumor nodules (26)].

As an example of clinical application of this bone mar
row dosimetry based on extrapolation of sequential meas
urements of radioactivity in different blood samples, we
shall analyze a patient who was included in our pilot
radioimmunotherapy trial (22). The patient was a 49-yr
old female patient, weighing 65 kg, who had a large liver
metastasis from a colon carcinoma and a circulating CEA
level of 23 ng/ml. She was treated with two injections of
100 mCi of â€˜311-labeledintact anti-CEA Mabs at 4-day
interval.

There was no immediate side effect, but severe bone
marrow depression developed between 29 and 37 days
after the first injection. The patient recovered sponta
neously from myelodepression and underwent a partial
hepatectomy 2 mo later for removal of a single liver
metastasis 8 cm in diameter. The patient is well and tumor
free 4 yr later without any sign of radiation toxicity.

Blood samples had been collected daily for the first 11
days and then every 2 days. Blood radioactivity decreased
from 2 maximal values at 13 and 18 MCiper ml observed
after the first and second injections, respectively, to 0.01

@Ciper ml on day 25. Cumulative activity for blood was
calculated as 135 1 @Cix hrs corresponding to 546 rad of
fl-radiation (19). Based on direct measurement of radio
activity in normal rats, we assume that bone marrow
radioactivity is 2.68 times lower than that of blood
corresponding to 203 rad of fl-radiation to bone marrow
of this patient.

A great part of'y-radiation dose depends on whole-body
radioactivity, since only a small amount of -y-radiation is
absorbed locally within a single organ (27). Bone marrow
-y-radiation dose shall therefore be calculated as percent of
whole-body fl-radiation, which in this patient was close to
90 rad, based on a whole-body effective half-life of 50 hr
observed for the two injections of 100 mCi â€˜@â€˜I-labeled
intact Mabs. Assuming that â€˜y-radiationdelivered to the
central part of the body is 84% of whole-body fl-radiation
gives a bone marrow -y-radiation of 75 rad. Total bone
marrow irradiation following the two injections of 100
mCi of â€˜@â€˜Ianti-CEA Mabs would thus correspond 203 Â±
75 rad = 278 rad(139 rad per 100 mCi), a dose consistent

with the severe, but reversible bone marrow toxicity ob
served in this patient. Total dose-to-blood would in turn
be546Â±75rad= 621rad,(311radper100mCi).Bone
marrow dose thus represents 45% of blood dose.

Bigler et al. (2) reported similar blood radiation doses
withamean of327rad(Â±36rad)per100mCi ofinjected
I 3I-labeled anti-CEA Mabs in five of six patients present

ing no human anti-mouse IgG antibodies. They assumed,
however, that the dose to bone marrow was identical to
that ofblood, which, according to our experimental results,
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is an overestimation. Siegel et al. (29), reported variable
bone marrow radiation doses of 109 to 368 rad, (mean
226 rad), per 100 mCi of â€˜311-labeledanti-CEA antibodies
injected intravenously in eight patients, based on sacral
scintigraphy dosimetry.

Slightly lower bone marrow radiation doses have been
reported after intraperitoneal injection of different â€˜@â€˜I
labeled anti-tumor Mabs (3,5). Larson et al. (3) calculated
that about 100 rad were delivered to the bone marrow per
100 mCi â€˜3I-Mab injected intraperitoneally, whereas Stew
art et al. (5) assumed that bone marrow radiation dose is
25% ofthat of blood.

For 90Y-labeled Mabs, bone marrow dose calculations,
as reported here, might be misleading, since nonspecific
accumulation appears to occur in the bone marrow with
many antibody preparations labeled with this isotope.
Severe bone marrow depression has indeed been observed
in patients even if radiation doses calculated for bone
marrow were relatively low (5).

Keeping in mind several reservations concerning pro
per selection of antibodies and isotopes, our rat bone
marrow dosimetry based on direct measurements of radio
activity might be helpful for estimating bone marrow
radiation doses in patients injected with radiolabeled Mabs
and fragments.
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