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As currently practiced, the doses delivered to tumors in radioim-
munotherapy are less than desirable primarily because of dose-
limiting bone marrow toxicity, thus reducing the therapeutic effi-
cacy of this modality. The biological effectiveness of intemal
radionuclide therapy depends on the total dose, the rate at which
it is delivered, and the fractionation schedule of the radiolabeled
antibodies administered. A new approach, based on time-dose-
fractionation (TDF), which has been used in conventional radio-
therapy, is advanced. This approach incorporates differences in
dose rates, biological half-lives of the antibodies, physical half-
lives of the radionuclides employed and the total doses needed
for a given biological effect. The TDF concept is illustrated with
several relevant examples for radioimmunotherapy. Based on
the TDF approach, it is proposed that under certain biological
conditions radionuclides with physical half-ives that are 1-3
times the biological half-life of the radiolabeled antibodies in the
tumor are more likely to deliver sterilization doses to tumors than
the shorter-lived nuclides presently in use unless precluded by
specific activity considerations. Several radionuclides that meet
this criteria are suggested with 32P being the most promising
among them. Finally, a practical method for treatment planning
in radioimmunotherapy using TDF factors is recommended.
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Cancer radioimmunotherapy (RIT) is a modality of
considerable interest to the medical community. The lim-
ited success of RIT so far has been attributed to a number
of problems. The initial dose rates and the total doses
delivered to tumors are generally low in RIT. A recent
analysis of dose-rate effects in RIT by Fowler (1) shows
that initial dose rates of 10-20 cGy/hr and total doses of
1500-2000 cGy, delivered with effective half-lives of the
order of a few days, can only kill 2-3 logs of cancer cells
out of the 9-10 logs required for total eradication of the
tumor. In conventional radiotherapy, however, doses of
about 60 Gy are necessary to eradicate the tumor. Such
high doses are obviously difficult to reach in RIT with the
radiolabeled antibodies currently in use without compro-
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mising the critical function of the bone marrow. This is
further complicated by the fact that the radiation dose to
the tumor decreases exponentially, the nature of which is
determined by the physical half-life (T,) of the radionuclide
and the biological half-life (T) of the monoclonal antibod-
ies (Mabs) in the tumor. To compensate for the resulting
dose-rate effect, Fowler (1) suggested that RIT will require
a 20% higher dose than conventional radiotherapy (2 Gy
fractions) when the RIT dose is delivered with an effective
half-life (T,) of a few days. It is clear that the ultimate
biological consequence of irradiating tissue with internal
radionuclides is determined not only by the total dose, but
also by the initial dose rate and the length of irradiation
time (effective half-life) as well as additional biological fac-
tors (e.g., proliferation rates of normal and tumor tissues).
This concept is valid for normal tissues as well as tumors.

The goal in RIT is to deliver a sufficiently large dose to
the tumor in a short period of time (to minimize dose-rate
effects) without unduly affecting the normal tissues such as
bone marrow. This may be accomplished under certain
ideal conditions: (1) rapid tumor uptake of the radiolabeled
Mabs; (2) relatively long effective half-life (T, ) in the tu-
mor; (3) short effective half-lives in normal organs and
whole body; and (4) high tumor-to-normal tissue uptake
ratio. These conditions are seldom satisfied clinically,
thereby explaining the limited success of RIT thus far.
Tumor uptake in humans is generally slow with typical
effective uptake half-times (T,,,), the time required to
reach half the maximum activity, in the range of 1-2 days
(2,3). The effective half-life (T,) of the radioactivity is
usually in the range of 2-7 days in the tumor and 1-4 days
in the whole body, depending on the tumor type, Mab, and
the physical half-life of the radiolabel (2-5). The tumor
uptake of Mabs is highly dependent on the size of the
tumor as reported by Macey et al. (2). The larger the tumor
mass, the lower the tumor uptake (activity/g) and hence,
the lower the tumor-to-background ratio (2). Given these
general conditions in RIT, one approach to improve the
therapeutic efficacy is to increase the effective half-life of
the radiolabeled Mab in the tumor without significantly
altering the effective half-life in the critical organs. This of
course is only feasible if the biological half-life of the Mab
in the tumor is longer than in the critical organs. Since one
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TABLE 1

Explanation of Symbols
Symbol Explanation
T, Physical halfife of the radionuclide
Ty Biological half-life of the radiolabeled antibody
Te Effective half-life of the radiolabeled antibody
T, Biological uptake half-time
Tou Biological half-life in the tumor
Tur Biological uptake half-time in the tumor
Tos Biological half-life in the body
Teu Effective uptake half-time (T,, = (TXT)/(T, + T,))
To Effective time (7, = T, — Teu)
Tot Effective half-life in the tumor
Tout Effective uptake half-time in the tumor
Tot Effective time in the tumor
Tos Effective half-ife in the body
ry Dose rate to the tumor
Is Dose rate to the whole body
fo Initial dose rate
Tor Initial dose rate to the tumor
Tos Initial dose rate to the whole body
TOF Time dose fractionation factor
TOF, Tumor TDF
TDFg Whole body TDF
A Decay constant of the radionuclide
Ae Effective decay constant of the radionuclide
TINT Tumor-to-nontumor (body) ratio

has only limited control over the biological half-lives, the
effective half-lives of the radiolabeled Mabs can only be
readily manipulated by altering the physical half-life of the
radionuclide employed. The selection of the radionuclide
appropriate to the biological situation therefore becomes
important. To date, the only radionuclides that have been
emphasized for use in RIT (6-8) have been those with
relatively short physical half-lives of less than 10 days
(e-g-, (P'I), (*®Y), (**Re) and (*''At)). If the biological
half-life of Mabs in the tumors is much longer than the
biological half-life in the normal tissues, radionuclides with
physical half-lives longer than a few days may offer a
distinct advantage in that the effective half-life of the radi-
olabeled Mabs in tumors would be correspondingly longer.
Furthermore, when the postadministration time required
for maximum tumor uptake is comparable to or longer than
the physical half-life of the radionuclide, relatively more
disintegrations occur in the normal tissues thereby limiting
the activity that can be administered. These considerations
suggest that when tumor uptake time and biological half-
life are relatively long, radionuclides with longer physical
half-lives can be more effective in achieving the maximum
tumor dose with minimum damage to critical tissues which
is necessary for success with RIT.

In this paper, the concept of time-dose-fractionation
(TDF) factors (9-11), is introduced and adapted for RIT.
These factors are valuable in arriving at biologically equiv-
alent doses when different dose rates and regimens are
involved in the treatment. The usefulness of TDF factors in
RIT is discussed and illustrated with several examples.
Using the TDF concept, it is quantitatively demonstrated
that radionuclides with longer physical half-lives can play a
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role in RIT. Accordingly, several radionuclides with desir-
able properties are suggested and TDF factors are tabu-
lated for the sake of convenience. Finally, an approach for
treatment planning in RIT using TDF factors is described.
The symbols used to describe various quantities in this
paper are given in Table 1 for ready reference.

TIME-DOSE-FRACTIONATION

In conventional radiotherapy, three different techniques
are available to deliver the radiation dose to tumors: (1)
fractionated doses using external beams of radiation; (2)
continuous exposure at constant dose rates by long-lived
sealed-source implants ((***Ra), (**’Cs)); and (3) short-lived
sealed-source implants which deliver exponentially de-
creasing dose rates ((***Au), (**Rn), (*#I), (**’Ir)). These
different treatment regimens differ in time, dose and frac-
tionation patterns, and therefore may not be equally effec-
tive for a given total absorbed dose to the tumor. Recog-
nizing the need to standardize prediction of the biological
response for the different treatment regimens, Ellis (12)
introduced the concept of nominal standard dose (NSD).
This concept was later simplified by the introduction of
TDF factors for fractionated therapy (9) and brachyther-
apy (10). The standard treatment regimen chosen for the
purpose of comparison with other techniques was 60 Gy
delivered over 7 days with a sealed (radium-226) **Ra
source (10). This standard regimen was assigned a TDF
factor of 100 (10). Accordingly, when the TDF factor for a
given regimen is less than 100, such treatment will be less
effective than the standard **°Ra treatment and vice versa.

When ?*Ra therapy is given at different dose rates for
different lengths of time, clinical experience shows that
there is an iso-effect relationship between the dose rate and
the irradiation time (10). Using this relationship, and re-
quiring the TDF factor for 60 Gy in 7 days to be 100, a
general equation for the TDF factor was derived (10):

TDF = 4.76 X 10~ 31} T, Eq. 1

where 1, is the initial dose rate (in cGy per hour), and
1— e 135t
Ta=—35 Eq. 2

where A is the physical decay constant in h™'. For tempo-
rary application of long-lived radionuclides such as (**Cs),
Teq = T, the irradiation time (10). In the case of complete
radioactive decay (i.e., permanent application of short-
lived isotopes), Equation 2 reduces to T, = 1/(1.35) (10).
Substitution of T, into Equation 1 yields:

4.76 x 10~ 31 ¥ 3
B 1.35A Eq.

For sealed sources, A is simply 0.693/T,. The above equa-
tion can be easily adapted to the situation in RIT. When
radionuclides are administered to the patient, A, = 0.693/T,
where the effective half-life T, = (T, X T,)(T,, + T,). Sub-
stitution for A in Equation 3 in terms of T, (in days) gives:
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TDF = 0.122r.%T.. Eq. 4

Equation 4 is only valid for instantaneous uptake of the
radioactivity by the organ of interest. As previously
pointed out, the tumor uptake is usually slow. In these
situations, the effective uptake half-time T,, may be com-
parable to T, in a given tissue and therefore T, in Equation
4 should be replaced with the effective time 7, = (T, — Te,),
where the effective uptake half-time T,,, = (T, X T)(T, +
T,) (13), and T, is the biological uptake half-time. Then the
““initial”’ dose rate r, is the extrapolated value from the
dose rate versus time curve at time t = 0 (13). Hence, the
general TDF equation for RIT treatment planning can be
written as follows:

TDF = 0.122r}%7,. Eq.5

It should be noted that the TDF factor is proportional to
1% and .. When the effective half-life in the tumor is short
(<1 day), extrapolation of the dose rate to time zero may
yield a high initial dose rate r,, and hence a high TDF
value. Caution should be exercised when using the above
equation for very short effective times with comparable
uptake times. Deriving the TDF equation in terms of max-
imum dose rate, which occurs when the uptake is at its
peak, may alleviate this problem. Nevertheless the above
equation is adequate to illustrate the usefulness of the TDF
concept.

Several important but simple features of TDF factors
need to be mentioned: (1) TDF factors are additive (TDF =
TDF, + TDF, + ... ), meaning multiple injections of ra-
diolabeled Mabs as well as combination treatment regi-
mens such as external beam therapy followed by RIT can
be easily accommodated. (2) When the relative biological
effectiveness (RBE) of the radiation is >1 and the effec-
tiveness of the radiation is dose-rate dependent, RBE cor-
rections to the initial dose rates are required before TDF
factors are calculated. (3) TDF factors are not limited to
RIT, they can be used to calculate biologically equivalent
doses in all situations where radionuclides are adminis-
tered to patients for therapy. (4) Depending on the radia-
tion sensitivity of the tumor involved, TDF factors other
than the standard value of 100 may be required. This ap-
proach accommodates treatment planning based on clinical
experience for a given tumor type.

Despite its simplicity, there are several limitations to the
approach presented here. It has been suggested (14,15)
that the TDF model is only appropriate for early effects
while a different formalism is required for late effects.
Furthermore, this approach does not adequately address
cell repopulation (i.e., differences in the rate of prolifera-
tion in tumors and normal tissues) (/4). For example, when
low dose rates are employed over an extended period of
time, it has been shown that a dose rate of at least 3 cGy/hr
is required just to overcome cell proliferation before any
reduction in cell population can be achieved (7). Conse-
quently, the TDF model presented here may not properly
predict the biological response when tissues with high cell
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FIGURE 1. Iso-effect curve for TDF = 100. Given the 7, in days,
the initial dose rate (cGy/hr) can be obtained from the graph.
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proliferation rates are irradiated with prolonged low dose
rates. Additional concerns are the macroscopic and micro-
scopic dose heterogeneity in tumors and normal organs
resulting from nonuniform distribution of the radiolabeled
Mabs that are well recognized in RIT. The TDF approach
presented here, which employs average organ absorbed
doses, does not take such dose heterogeneities into ac-
count (16). In an effort to overcome some of the deficien-
cies in the basic TDF model, most calculations in radio-
therapy are now performed using the linear quadratic
model (17). However, it should be noted that this model
also has shortcomings with respect to the overall treatment
time and lack of a proliferation term for the irradiated
tissue. Hence, in view of the above considerations, care
should be exercised in using the present TDF model in
extreme cases, particularly with respect to differences in
proliferation rates and radiosensitivities of tumor and nor-
mal tissues. In RIT, however, perhaps a greater impedi-
ment to predicting the biological effect is our limited ability
to quantify organ/tumor activity and its distribution within
the tissues and thereby accurately calculating the absorbed
doses to the tumor and normal organs. Nevertheless, the
above approach should serve as a useful first-order approx-
imation for RIT treatment planning.

For the convenience of implementing the TDF concept
in RIT, the iso-effect curve for a TDF factor of 100 is
shown in Figure 1. For a given effective time 7, the initial
dose rate required to deliver a total dose that is biologically
equivalent to 60 Gy in 7 days from 26Ra, can be easily read
from Figure 1. When treatments are planned at TDF fac-
tors other than 100, Tables 2-4 may be used for most
relevant values of TDF, 7, and r,,. The application of TDF
factors to the solution of typical problems encountered in
RIT is illustrated by the following examples.

Calculation of Initial Dose Rate to the Organ/Tumor

Problem. In a *'] Mab treatment, it is known that 7, , =
4 days in the tumor. What is the r,, , necessary to deliver a
total dose that is biologically equivalent to the standard
6000 cGy in 7 days from 2°Ra?
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TABLE 2
Time Dose Fractionation Factors Factors (0 < 7, < 5 days)

Effective time Initial dose rate (cGy/hr)

(days) 25 5 75 10 125 15 20 25 30 40 50 60 70 80 90 100
0.25 011 027 046 068 0892 1.2 1.7 24 30 44 60 77 95 113 133 153
0.50 021 054 093 14 1.8 24 35 47 60 89 120 154 189 226 265 306
0.75 032 080 14 21 28 35 52 74 90 133 180 230 284 340 398 459
1.00 042 1.1 19 27 37 47 70 94 120 178 240 307 378 453 531 612
125 053 13 23 34 46 59 87 118 151 222 300 384 473 566 664 765
1.50 063 16 28 4.1 5.5 71 105 141 181 266 360 461 567 679 796 918
1.75 074 19 32 48 65 83 122 165 211 311 420 6537 662 792 929 107
2.00 084 21 37 55 74 95 139 188 241 355 480 614 756 906 106 122
225 095 24 42 62 83 106 157 212 271 400 540 691 851 102 119 138
250 1.1 27 46 68 92 118 174 235 301 444 600 768 945 113 133 1583
275 12 29 541 75 102 130 192 259 331 489 660 844 104 1256 146 168
3.00 i3 32 656 82 111 142 209 283 361 6533 720 921 113 136 159 184
3.25 14 35 60 89 120 154 226 306 392 577 780 998 123 147 173 199
3.50 15 38 65 96 129 165 244 330 422 622 840 107 132 158 186 214
3.75 16 40 70 103 139 177 261 353 452 666 900 115 142 170 199 230
4.00 17 43 74 109 148 189 279 377 482 711 960 123 151 181 212 245
4.25 18 46 79 116 157 201 206 400 512 755 102 131 161 192 226 260
4.50 19 48 83 123 166 213 314 424 542 799 108 138 170 204 239 275
4.75 20 541 88 130 176 224 331 447 572 844 114 146 180 215 252 291
5.00 21 54 93 137 185 236 348 471 602 888 120 154 189 226 265 306

Solution. By definition, a total dose of 6000 cGy in 7
days from 2*Ra is equal to a TDF of 100. According to
Table 2, for 7, , = 4 days, 1, of 52 cGy/hr is required to give
a TDF of about 100. At 52 cGy/hr the total dose needed to
be biologically equivalent to 6000 cGy in 7 days is 1.44 X
Tex X To = 7188 cGy. This 20% increase in dose over the
standard regimen is required to compensate for dose rate
effects. A similar conclusion was reached by Fowler (1)
using the linear quadratic model. If the maximum concen-
tration of 3'I in the tumor is known, the activity necessary
to deliver the prescribed dose rate can be calculated.

Fractionated Doses in RIT

Problem. In a treatment with °°Y Mabs, the tumor is
irradiated at an initial dose rate of 50 cGy/hr (extrapolated,
t = 0) and it is known that the T, = 2.5daysand T, , = 1
day in the tumor. If another dose of *°Y is planned 7 days
after the first injection, what activity needs to be used to
obtain a total TDF = 100?

Solution. The T.,, is (2.7 X 1)/(2.7 + 1) = 0.73 day,
where 2.7 days is the physical half-life of *°Y. Then the .,
= T, — Tey,. = 1.77 days. From Table 2, for a 7., of 1.77
days and an initial dose rate of 50 cGy/hr, the TDF factor
is 42. Therefore, the next injection requires a TDF of 58 to
obtain a total TDF = 100. Again from Table 2, for a TDF
of 58 and a , , of 1.77 days, the initial dose rate required is
63 cGy/hr. The activity necessary for the second injection
therefore is 63/50 = 1.26 times the activity used in the first
injection. This calculation assumes the same 7., for the
second injection. It should be noted, however, that the 7, ,
may not necessarily be the same for the second injection
because of HAMA and other immune responses. Similar
approaches can be used to combine different treatment
regimens (e.g., split doses of external beams of radiation or
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sealed source implants in combination with radiolabeled
Mabs).

Cailculation of Maximum Tolerable Dose

Problem. Assume that the bone marrow dose is the same
as the whole-body dose. In **Y Mab therapy, patients have
tolerated a body dose of 200 cGy and the T, p is 24 hr.
What body dose will be tolerated by patients if the Mabs
are labeled with '*'I, whose T, 5 is determined to be 4 days?

Solution. The initial dose rate from *Y to the body is
200/(1.44 x 24) = 5.8 cGy/hr. At this dose rate, fora T, g
of 24 hr, the TDF factor from Table 2 is 1.3. Requiring the
TDF be 1.3 and using the T, 5 of 4 days for '*'I Mabs, the
initial dose rate from Table 2 is about 2.1 cGy/hr, for a total
body dose of 290 cGy. Therefore, 200 cGy from 2Y given
with a T, g of 24 hr is biologically equivalent to 290 cGy
from '3[ with a T, g of 4 days. The activity of *'I which
would deliver a total dose of 290 cGy to the body can be
calculated using MIRD procedures (18).

RADIONUCLIDE SELECTION

Biological and Physical Half-Lives

In brachytherapy, where sealed sources are implanted,
the initial dose rate is dictated by the physical half-life of
the radionuclide for a given source configuration relative to
the tumor. In contrast, the dose rate and the total dose to
the tumor in RIT is controlled by the physical half-life as
well as the biological behavior of the Mabs. It is clear from
Equation 5 and the above examples that the overall thera-
peutic effect in RIT is primarily governed by the initial dose
rate 1, and the effective time 7. High r,,, and short 7, , are
desirable to minimize the dose-rate effect in tumors,
whereas relatively low values of r, and 7, are preferred in
normal tissues. The dose rate r, for a given radionuclide in
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TABLE 3
Time Dose Fractionation Factors (5 days < 7, < 30 days)

Effective time Initial dose rate (cGy/hr)
(days) 25 5 75 10 125 15 175 20 225 26 275 30 325 35 375 40
5 21 54 93 137 185 236 291 348 408 471 536 602 671 742 814 888
55 23 59 102 150 203 260 320 383 449 518 589 663 738 816 895 977
6 25 64 111 164 222 284 349 418 490 565 643 723 805 890 977 107
6.5 27 70 121 178 240 307 378 453 531 612 696 783 872 964 106 115
7 29 75 130 194 259 331 407 488 572 659 750 843 940 104 114 124
75 32 80 139 205 277 354 436 6523 613 706 803 904 101 111 122 133
8 34 86 148 219 296 378 466 557 654 753 857 964 107 119 130 142
9 38 97 167 246 333 425 524 627 735 848 964 108 121 134 147 160
10 42 107 185 273 369 473 582 697 817 942 107 120 134 148 163 178
11 46 118 204 301 406 520 640 767 899 104 118 133 148 163 179 195
12 50 129 222 328 443 567 698 836 980 113 129 145 161 178 185 213
14 59 150 260 383 517 662 815 976 114 132 150 169 188 208 228 249
16 67 172 297 437 591 756 931 111 131 151 171 193 215 237 261 284
18 76 193 334 492 665 851 105 125 147 170 193 217 242 267 293 320
20 84 214 371 547 739 945 116 139 163 188 214 241 268 297 326 355
22 93 236 408 601 813 104 128 153 180 207 236 265 295 326 358 391
24 101 257 445 656 887 113 140 167 196 226 257 289 322 356 391 426
26 109 279 482 711 961 123 151 181 212 245 279 313 349 386 423 462
28 118 300 519 765 103 132 163 195 229 264 300 337 376 415 456 497
30 126 322 56 82 111 142 175 209 245 283 321 361 403 445 488 533

the tumor is primarily determined by the maximum con-
centration of activity in the tumor, the speed at which the
maximum concentration is achieved (T,,,,) and the clear-
ance pattern (T, ,). Clinical experience of several investi-
gators (2,3,19) shows that the initial tumor dose rates and
total doses are low. However, even when initial dose rates
are low, the total dose can be higher if 7., is long. In that
event, to compensate for the dose-rate effect, the total dose
delivered must be higher than the dose required at high
dose rates. Since 7, = T, — T,,, for the effective time, 7.,
to be long, the effective half-life, T,, should be long and the
effective uptake time, T,,, should be negligible compared
to T.. The effective half-life in the tumor T, ,, however, is
dictated by the physical half-life T, of the radionuclide and
the biological half-life T, , of the Mabs in the tumor. The
radionuclides (Y, 1'I, 1%Re, 2'At) currently used in RIT
have physical half-lives that are frequently shorter than the
biological half-life in the tumor, resulting in even smaller
effective half-lives, the consequence of which is rapidly
decreasing dose rates. However, if longer-lived radionu-
clides are employed, the effective half-lives will be domi-
nated by the biological half-lives, thus taking full advantage
of Ty, , and hence a less rapid decline in the tumor dose rate.
These considerations suggest that radionuclides with
longer physical half-lives may offer some advantages over
the nuclides presently in use, however, specific activity
considerations may be a concern (see Treatment Planning
Approach). This advantage becomes even more significant
when the biological half-life of the Mab in the tumor is
substantially longer than the uptake time and the biological
half-life in the dose-limiting normal tissues.

To further illuminate the choice of radionuclide physical
half-life, consider a hypothetical radionuclide whose half-
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life can be varied at will while all other conditions remain
constant (e.g., activity administered, biological half-lives
and so forth). In addition, assume that the antibody to
which the radionuclide is labeled has a 2-day biological
tumor peak uptake-time and an 8-day biological half-life in
the tumor. If the physical half-life of the radionuclide is set
at 1 day, considerable activity will decay elsewhere in the
body before the tumor activity reaches its maximum value
because of the relatively long uptake time. Once the tumor
activity reaches its maximum, clearance takes place with
an effective half-life of 0.9 days, thereby decreasing the
dose rate rapidly. This situation involving short-lived radi-
onuclides requires high tumor-to-nontumor (T/NT) con-
centration ratios to facilitate treatment. In contrast, if the
half-life of the radionuclide is set to 5 days, comparatively
more activity reaches the tumor which subsequently de-
cays with an effective half-life of 3 days as opposed to 0.9
days in the above case. This facilitates delivery of a rela-
tively higher tumor dose for the same activity adminis-
tered. However, to achieve this, five times higher specific
activity for the radiolabeled antibodies is necessary which
is in part compensated for by the lower T/NT ratio re-
quired. If the half-life of the radionuclide is set to 20 days,
the tumor will be irradiated with an effective half-life of 5.7
days. In this case, a 90% gain in the effective half-life is
realized but four times higher specific activity is required.
Actually, the increase in specific activity needed will be
somewhat less due to the increased dose to the tumor and
the lower T/NT ratio now sufficient to deliver the pre-
scribed dose to the tumor. All of these considerations are
not necessary if the T/NT ratios needed for a successful
outcome can be reached with radionuclides having short
physical half-lives since they obviously should be used
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TABLE 4
Time Dose Fractionation Factors (30 days < 7, < 80 days)

Effective time Initial dose rate (cGy/hr)

(days) 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 25
30 37 93 161 238 322 412 507 607 711 820 105 129 155 181 209 283
32 39 100 172 254 343 439 540 647 759 875 112 138 165 193 223 301
34 42 106 183 270 365 466 574 688 806 929 119 146 175 206 237 320
36 44 112 194 286 386 494 608 728 854 984 126 155 186 218 251 339
38 46 118 204 302 408 521 642 769 90.1 104 133 164 196 230 265 358
40 49 125 215 317 429 549 676 809 949 109 140 172 206 242 279 377
42 51 131 226 333 450 576 709 850 996 115 147 181 217 254 293 396
4 54 137 237 349 472 604 743 890 104 120 154 189 227 266 307 414
46 56 143 248 365 493 631 777 930 109 126 161 198 237 278 321 433
48 59 149 258 381 515 658 811 971 114 13 168 207 247 290 334 452
50 61 156 269 397 536 686 845 101 119 137 176 215 258 302 348 471
52 63 162 280 413 558 713 878 105 123 142 182 224 268 314 362 490
54 66 168 291 428 579 741 912 109 128 148 189 233 278 326 376 509
56 68 174 301 444 601 768 946 113 133 153 196 241 289 339 390 527
58 71 181 312 460 622 796 980 117 138 159 203 250 299 351 404 546
60 73 187 323 476 643 823 101 121 142 164 210 258 309 363 418 565
65 79 202 350 516 697 892 110 131 154 178 227 280 335 393 453 612
70 85 218 377 555 751 960 118 142 166 191 245 301 361 423 488 659
75 92 233 404 595 804 103 127 152 178 205 262 323 387 453 523 706
80 98 249 430 635 858 110 135 162 190 219 280 344 412 484 557 753

under these circumstances. Yet, in many situations the
current techniques provide T/NT ratios that are less than
optimal. Hence, the above considerations suggest the need
to select a physical half-life consistent with the biological
uptake and clearance half-lives, and the specific activity
requirements for a given situation.

Low Dose Rates Versus High Dose Rates

Low dose-rate treatments with longer-lived radionu-
clides require much higher total doses for a given biological
effect in both tumors and normal tissues. Kim and Hilaris
(20) have shown that 160 Gy from permanent implants of
151 (T, = 60 days) seeds to treat unresectable carcinoma of
the lung was tolerated as well as 80 Gy from “?Rn (T, = 3.8
days) seeds with complication rates of 13% and 11%, re-
spectively. The initial dose rates for these two modes of
treatment can be easily calculated to be 7.7 cGy/hr and 61
cGy/hr for I and %2R, respectively. Utilizing Equation
3, the TDF values for these radionuclides at these initial
dose rates are 115 for %I and 120 for 2?Rn, suggesting that
the regimens are biologically equivalent. These data sup-
port the potential usefulness of the TDF approach for RIT
in that prolonged low dose rates can be as effective as

short, high dose rates. One should keep in mind, however,
that when low dose rates are involved, the total dose de-
livered must be sufficiently high to compensate for both
proliferation and dose-rate effects.

Optimal Radionuclides for RIT

A careful search was conducted for potentially useful
longer-lived radionuclides for RIT, with the restriction that
they emit energetic beta-particles with nearly 100% abun-
dance. These radionuclides were further screened and
those having complex gamma-ray spectra eliminated. The
resulting nuclides are arranged in three groups. Table 5 lists
radionuclides and their primary radiation characteristics
whose physical half-lives are from 2 to 10 days. This list
contains some of the radionuclides already in use. Radio-
nuclides with intermediate half-lives in the range of 10-20
days are listed in Table 6, and those with half-lives between
20 and 60 days are grouped in Table 7. Some of the nuclides
emit a few gamma-rays and these are considered to be
useful for external detection. Auger electron and soft beta-
emitters are not listed, although it should be noted that they
may be useful in treating micrometastases and small tu-
mors (6,21-23). Alpha-emitters with short half-lives (<1

TABLE 5§
Beta-Emitting Radionuclides for RIT (2 days < T, < 10 days)
EB Ev
Radionuciide T (@ (MeV) Yield* (%) (MeV) Yield* (%) Reference
oy 267 0.935 100 — — 36
| 8.04 0.192 894 0.365 81.2 36
188Re 3.78 0.362 73.0 0.137 8.6 36
198AY 2.70 0314 98.7 0.412 95.5 36

*Only primary radiations are listed.
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TABLE 6
Beta-Emitting Radionuclides for RIT (10 days < T, < 20 days)

Radionuciide T, (d E, (MeV) Yield' (%) E, MeV) Yield* (%) Reference
*2p 1426 0.695 100 — — 36
%Rb 18.66 0.709 91.2 1.077 88 36
1e3py 1358 0315 100 — — 37

*Only primary radiations are listed.

day), such as ?!'At and bismuth-212 (*?Bi), will be of
limited value given that the tumor uptake times, T, ,, are
usually longer than the physical half-life of the radionu-
clide, although they may play a role in RIT when they are
made available for the cancer cells directly (e.g., ascites)
(6). Considering that dose-rate effects are minimal for high-

LET particles, the relatively long-lived alpha-emitter 210pg
(T, = 138 days) offers an interesting possibility in RIT.

Sumlarly, Auger electron emitters (24-26) such as %I may
also serve as high-LET type sources and therefore may
play a role in cancer therapy if ways to direct them into the
cell nucleus are developed.

TREATMENT PLANNING APPROACH

Five radionuclides, *Y (2.7 days), I (8 days), phos-
phorus-32 (?P) (14.26 days), rubidium-86 (%*Rb) (18.7 days)
and indium-114m (**™In) (49.5 days), are selected from
Tables 5-7 to provide a quantitative analysis of the effect of
different physical half-lives on the T/NT ratio (tumor dose
rate relative to the body dose rate at peak tumor uptake)
needed to achieve a tumor TDF, of 100 while limiting the
TDF to the body. Although bone marrow is usually con-
sidered the dose-limiting organ, the body dose can be cal-
culated more reliably than the bone marrow dose. Hence,
for the purpose of this analysis, it is assumed that the body
dose is the same as the bone marrow dose. Available
biological data in humans with *'I-labeled antibodies sug-
gest that the average effective uptake half-time (T, ;) in the
tumor is about 1.5 days and the effective half-lives in the
tumor (T,,) and body (T g) are 5 days and 2.5 days, re-
spectively. Accordingly, these values are utilized to calcu-
late the T}, g (3.7 days) and T,, :(13.4 days), and the T, , (1.9
days) for the antibodies using the physical half-life of "'I.
It is assumed that these biological half-lives hold true re-
gardless of the radiolabel. The values of T, g, T, , and Tk, ,
are calculated for all of the radionuclides and the results

given in Table 8. Also shown in Table 8, Row 4, are 7.,
values obtained after subtracting T., , from T, ,. It should
be noted in Table 8 that while the body T, p’s change
slowly as the physical half-lives increase, the increase in
7., is more dramatic reaching a value of 8.6 days in the case
of ll4mIn

Let us assume a body dose of about 300 cGy can be
tolerated without serious complications. To deliver this
dose, the *°Y initial dose rate to the body is calculated to be
I, = 5.9 cGy/hr. Using this initial dose rate and the T, 5
= 1.5 days, a value of about 2 for TDFy is obtained from
Table 2. Requiring TDFg = 2 for all of the radionuclides
(*°Y, 31, 3?p, %Rb and !*™In), the initial body dose rates
for each are calculated and given in Table 8, Row 5. Tumor
doses are planned at a TDF, of 100 and the extrapolated
initial dose rates to the tumor are calculated for all radio-
nuclides (Row 8). It is interesting to note that the initial
tumor dose rate varies rather dramatically from 134 cGy/hr
for *°Y to 29 cGyy/hr in the case of !**™In, whereas body
dose rates drop by a factor of <2. The total doses to the
body and tumor are given in Table 8, Rows 6 and 9, re-
spectively. These are biologically equivalent doses, TDF,
of 100 for all radionuclides in the tumor, and TDFj of 2 for
all nuclides in the body. The T/NT ratios (body) are calcu-
lated for all radionuclides (Table 8, Row 11) at a time t =
2T,,,, the postadministration time required to achieve
maximum tumor uptake. Note that ratios have also been
provided for TDFg values of 0.5 and 1.0 which are equiv-
alent to body doses of about 100 and 200 cGy, respectively,
from *°Y. These ratios, which are necessary to deliver the
indicated total doses to the tumor and the body, depend
highly on the restrictions placed on the limiting dose to the
critical organ (assumed to be body for the sake of simplic-
ity). For example, if the critical organ cannot tolerate a
TDFy of 2 (~300 cGy for *Y), then the T/NT ratio re-
quired will be higher (row 11). If the ratio is clinically

TABLE 7
Beta-Emitting Radionuclides for RIT (20 days < T, < 60 days)
Radionuclide T, @ E, (MeV) Yield* (%) E, MeV) Yield* (%) Reference
eogy 505 0.583 100 — — 36
oy 585 0.603 997 1.205 03 37
114mjn 495 0.777 945 0.558 35 36
1emcqy 446 0.602 97.0 0.934 2 37
*Only primary radiations are listed.
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TABLE 8
Dosimetry Characteristics of Radionuclides with Different Physical Half-Lives

soy 3 *2p %Rb 14mp
1 T, g-offective half-iife in body (days) 15 25 29 3.0 34
2 T, -effective half-life in tumor (days) 22 5.0 6.9 77 104
3 Teus-effective tumor uptake time (days) 1.1 15 1.6 1.6 18
4 Tog = (Tag — Toud for tumor 1.1 35 53 6.1 86
5 1, p-initial body dose rate (cGyMh), TDFg = 2.0 59 40 36 35 32
6 Dg-total body dose (cGy), TDFg = 2.0 306 346 361 363 376
7 rg-body dose rate (cGy/hn) att = 2T,,,,, TDFg = 2.0 21 1.7 17 1.6 15
8 fos-initial tumor dose rate (cGy/hr) 134 57 42 38 29
9 Dy-total tumor dose (cGy) at TDF, = 100 5,100 6,900 7700 8,000 8,600
10 retumor dose rate (cGy/hr) att = 2T,,,, 67 38 28 28 23
1 r/rg-ratio of dose rates (T/NT) required at peak tumor
uptake (t = 2T, ) to achieve TDF, = 100
TDFg = 2.0 32 2 17 17 15
TDFg = 1.0 53 36 28 27 25
TDFg = 05 88 61 47 45 42
12 Activity required (GBq), TDFg = 2 78 25 6.3 6.5 5.1
13 Extrapolated (t = 0) activity/g of tumor (MBq) at 25 52 1.0 1.0 0.67
TDF, = 100
14 Specific activity required relative to *°Y 1 6.2 21 28 5.0
15 Activity per cell (MBq)*, TDFg = 2, TDF, = 100 25 52 1.0 1.0 0.67
16 Number of radiolabeled antibodies per cells* 840 5200 1800 2300 4100
17 Maximum theoretical specific activity (TBg/mmole) 1800 600 340 260 98

*Assuming 10° cells per gram of tumor (2).
TAssuming one radioatom per antibody molecule.

beyond reach, the therapeutic outcome will obviously be
less than desirable. The advantage of a longer physical
half-life is now apparent. The T/NT ratio, for a TDFj of 2
and TDF, of 100, decreases from 32 (*Y) to 15 (**"In).
Therefore, as the physical half-life of the radionuclide in-
creases, the required ratio decreases and becomes more
likely to be attained clinically. Conversely, when the bio-
logical half-life in the tumor (T, ) and in the body (T, p)
decrease, the necessary T/NT ratios increase for all radio-
nuclides (Table 8, row 11). These points regarding the
effect of T, and Ty, on the T/NT ratio may be clearly seen
in Figure 2 where the ratio is plotted as a function of the
biological half-life in the tumor.

The administered radioactivity necessary to deliver pre-
scribed body doses is calculated for each case (Table 8,
row 12) using the respective radiation spectra and assuming
a 70 kg body mass. For the sake of simplicity, contributions
from gamma-rays are neglected as they are usually relatively
small compared to the beta-doses. Shown in Row 13 of Table
8 are the extrapolated (t = 0) activities per gram of tumor
needed for a TDF, of 100. Relative specific activities in Row
14 indicate that to achieve this TDF, an "“"In-labeled Mab
must have a specific activity five times higher than that of an
%0Y-labeled Mab. Substantially lower increases (2.1- and 2.8-
fold) are needed for 32P- and %Rb-labeled Mabs even though
their physical half-lives are much longer than that of Y.
Interestingly, an !*'I-labeled Mab requires a specific activity
6.2 times that of **Y-Mab. This is primarily due to the rela-
tively low energy nature of the beta-particles emitted in '>'I

decay. Assuming that there are 10° cells per gram of tumor
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(2) and the activity is uniformly distributed among the cells,
the activity per cell is calculated for all radionuclides (Row
15). These values suggest that the necessary cellular activity
decreases by a factor of about 2.5 and 4 for ¥Rb and *"In,
respectively, relative to Y. Row 16 shows the number of
radioatoms per cell calculated assuming one label per anti-
body. These values reflect the relative specific activities
shown in Row 14. Finally, Row 17 gives the maximum cal-
culated specific activities for all radionuclides.

Naturally, one may question whether the desired activ-
ities per cell can be achieved for the radionuclides listed in
Table 8 given the specific activity restrictions (Row 17).
Macey et al. (2) have experimentally determined that when
20 mg of ZME-018 antibody is administered, 3.5 x 10°
Mabs per cell were found in human melanoma tumors,
which is well below the theoretical limit of 3.6 x 10° Mab
binding sites suggested by McGaughey for a 10-um diam-
eter cell (27). The number of radiolabeled antibodies re-
quired per cell for the five radionuclides used in our model
calculations (840, 5200, 1800, 2300, 4100) are three orders
of magnitude below the theoretical limit and one order of
magnitude below the level achieved for a 20-mg adminis-
tration of ZME-018 Mabs (2). Hence, the desired labeling
can easily be achieved if carrier-free material can be pro-
duced; however, such material may not be readily avail-
able. For instance, ®Rb is currently available commer-
cially with a specific activity of 9.5 GBg/mmole, which
implies that about 1 in 27,000 atoms are radioactive. This
suggests that 27,000 x 2300 = 6.2 X 10’ Mabs must be on
the cell surface, which is well above even the theoretical
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FIGURE 2. Ratio of tumor dose rate-to-nontumor (body) dose
rate at maximum tumor uptake (t = 2T,,,,) as a function of biological
half-iife of the radiolabeled Mab in the tumor assuming Ty, g = 4 days
and T, = 1day. (A) TDFg = 2, TDF, = 100; (B) TDFg = 1, TDF, =
100. There are several noteworthy observations to be made: (1) The
T/NT ratio required to deliver a TDF, = 100 with longer lived radio-
nuclides (P, %Rb, ''4Mn) substantially decreases as the tumor
biological half-ife increases, whereas a less pronounced depen-
denceisobsetvedforshort—livedradonudides(“% (2)Foragiven
biological half-time in the tumor, short-lived radionuciides requi

higher T/NT ratios than longer lived radionuclides. (3)Compar|sonof
A and B indicates that the T/NT ratios required to achieve TDF, =

100 increase substantially as the dose-limiting TDFg is decreased.
These observations, which are relatively independent of T, 5 and
T, suggest that longer lived radionuclides may be more advanta-
geous than their short-ived counterparts provided specific activity
and minimum dose rate requirements can be met. Considering
these requirements, 32P is perhaps the most promising.

number of binding sites. One should keep in mind, how-
ever, that the commercially available specific activity for
8Rb is several orders of magnitude lower than the theo-
retical specific activity of 260 TBq/mmole. The longer lived
radionuclide "**"In is commercially available at specific
activities up to about 1 TBg/mmole. In this case, about 1 in
100 atoms are radioactive so that 100 x 4100 = 4.1 x 10°
Mabs must be labeled to the cell. This compares favorably
with the 3.5 x 10* obtained by Macey et al. (2). Phospho-
rus-32 is inexpensive and readily available in carrier-free
form (340 TBg/mmole). The 1800 radioactive atoms per cell
(Table 8, Row 16) required in this case can be easily
reached. In any case, it should be pointed out that the
higher specific activities required in the case of the longer
lived radionuclides are partly compensated for by the
lower (factor of 2) T/NT ratios required to achieve TDF, =
100 (Fig. 2 and Table 8, Row 11).

Although longer physical half-lives appear to be advan-
tageous under certain conditions, there comes a point
when selecting a longer physical half-life provides little
gain in the T/NT ratio relative to the increase in the re-
quired specific activity of the labeled Mab. For example, to
achieve TDF, = 100 with a corresponding TDFg = 2, the
T/NT ratio required is essentially the same for *’P and
14m1p (17 versus 15, Table 8) while the latter requires a
Mab specific activity about 2.5 times greater. Because re-
duction in the required T/NT ratio to achieve TDF, = 100
is minimal by going to the longer-lived *In, the interme-
diate half-life >*P is preferred. These comparisons are based

TDF Factors in Radioimmunotherapy ® Rao and Howell

on a biological half-life in the tumor of 13.4 days, thereby
suggesting that the physical half-life of the radionuclide
should be about 1-3 Ty,,. This is supported by the data in
Figure 2. Admittedly, the above calculations are based on the
TDF approach, which has limitations. Nevertheless, these
calculations argue in favor of the use of longer-lived radio-
nuclides, 3P being the most likely candidate among them
given that it may be readily obtained carrier-free.

It has been demonstrated that when specific activity
considerations permit, radionuclides with longer physical
half-lives are likely to offer a therapeutic advantage over
short-lived nuclides, particularty when tumor uptake and
activity clearance is slow compared to body clearance. The
advantage diminishes as the difference in clearance pat-
terns becomes less significant (Fig. 2). Because bone mar-
row toxicity is the usual dose-limiting factor in RIT, our
calculations, which assume that the body is the dose-lim-
iting organ (e.g., body dose = bone marrow dose), may not
be valid (28-30). Nevertheless, the approach presented
above is general and can be applied directly to the bone
marrow if appropriate biological data and reliable methods
to calculate the absorbed dose are available.

SUMMARY

The two factors that control the total dose delivered to
the normal and cancerous tissues in RIT are the initial dose
rate 1, and the effective time 7. It can be seen from Equa-
tion 5 that the TDF is proportional to r’-* and directly to 7,.
This suggests that high initial tumor dose rates r,, should
be preferred over long 7. ,. High initial dose rates to the
tumor r,, , require near instantaneous uptake and high tu-
mor-to-body activity concentration ratios, both of which
are dictated by the antibody biokinetics. Clinical experi-
ence thus far with several antibodies shows that the initial
tumor dose rates are low due to slow tumor uptakes and
limited targeting (2,3). Increasing the 7, is the only alter-
native to deliver high doses to the tumor. Therefore, de-
pending on the tumor biological half-life, those relatively
long-lived radionuclides suggested in Tables 6-7 merit se-
rious consideration for RIT with 32P being the most prom-
ising among them (31).

Bone marrow toxicity is considered to be the major dose-
limiting factor in RIT. A further approach to overcome this
problem may be to use radioprotectors such as cysteamine,
DMSO, AET, etc., to increase the tolerance dose to the bone
marrow. It has been shown recently that the radioprotec-
tion of spermatogonial cells with small and nontoxic
amounts of cysteamine and vitamin C is significant when
these chemicals are administered a few hours before the
radionuclides (32 33). It would be of considerable interest
to see if these and other similar chemicals can protect bone
marrow without protecting the tumors when radionuclides
are injected for RIT. If significant differential protection in
favor of bone marrow can be obtained, radioprotectors
may play a role in RIT. It should be noted, however, that
similar attempts in conventional radiotherapy with various
radioprotectors have met with limited success (34).
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The TDF approach presented in this work incorporates
differences in dose rates, biological half-lives of the anti-
bodies, physical half-lives of the radionuclides, and total
doses needed for a given biological effect in tumor and
normal tissues, to intercompare the efficacy of different
radiolabeled Mabs for radioimmunotherapy. With the lim-
itations of the TDF in mind, this method can be employed
even in those situations where multiple radiotherapy mo-
dalities are used. To facilitate the use of this approach in
RIT, the TDF factors are conveniently tabulated (Tables
2-4). It is demonstrated that the TDF approach may be
valuable for treatment planning in RIT.

Macroscopic nonuniformities, depending on the tumor
size, will continue to be a problem (21,22, 35), although
energetic beta-particle emitters such as those suggested in
Tables 5-7 tend to smooth the nonuniform dose distribu-
tions to some extent (6,21,22). Microscopic nonuniformi-
ties are mainly relevant to Auger and alpha-emitters
(6,21,22). The stability of the radiolabel for long periods,
necessary when radionuclides with long physical half-lives
are employed, will also be of some concern. At low dose
rates, cell proliferation may not allow reasonable predic-
tion of biological outcome. Even when biological condi-
tions are favorable, radiochemistry techniques and avail-
ability of high specific-activity radionuclides with longer
physical half-lives may be hurdles to cross. Inasmuch as
the success of radiolabeled Mab therapy hinges on under-
standing and resolving several problems, the work pre-
sented in this paper is an attempt to address some of them.
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