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Abstract
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In dosimetry-based treatment planning protocols, patients with rapid clearance of the
radiopharmaceutical require a larger amount of initial activity than those with slow clearance to match
the absorbed dose to the critical organ. As a result, the dose-rate to the critical organ is higher in
patients with rapid clearance and may cause unexpected toxicity compared to patients with slow
clearance. In order to account for the biological impact of different dose-rates, radiobiological
modeling is beginning to be applied to the analysis of radionuclide therapy patient data. To date, the
formalism used for these analyses is based on kinetics derived from activity in a single organ, the
target. This does not include the influence of other source organs to the dose and dose-rate to the
target organ. As a result, only self-dose irradiation in the target organ contributes to the dose-rate. In
this work, the biological effective dose (BED) formalism has been extended to include the effect of
multiple source organ contributions to the net dose-rate in a target organ. The generalized BED
derivation has been based on the Medical Internal Radionuclide Dose Committee (MIRD) schema
assuming multiple source organs following exponential effective clearance of the radionuclide. A
BED-based approach to determine the largest safe dose to critical organs has also been developed.
The extended BED formalism is applied to red marrow dosimetry, as well as kidney dosimetry
considering the cortex and the medulla separately, since both those organs are commonly dose
limiting in radionuclide therapy. The analysis shows that because the red marrow is an early
responding tissue (high α/β), it is less susceptible to unexpected toxicity arising from rapid clearance
of high levels of administered activity in the marrow or in the remainder of the body. In kidney
dosimetry, the study demonstrates a complex interplay between clearance of activity in the cortex
and the medulla, as well as the initial activity ratio and the S value ratio between the two. In some
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scenarios, projected BED based on both the cortex and the medulla is a more appropriate constraint
on the administered activity than the BED based on the cortex only. Furthermore, different
fractionated regimens were considered to reduce renal toxicity. The MIRD-based BED formalism is
expected to be useful for patient-specific adjustments of activity and to facilitate the investigation of
dose-toxicity correlations with respect to dose-rate and tissue repair mechanism.

Keywords
dosimetry; radionuclide therapy; biological effective dose

I. INTRODUCTION
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The objective of dosimetry-based treatment-planning protocols in radionuclide therapy is to
prescribe a clinically useful absorbed dose to the tumor while at the same time avoiding organ
toxicity. If the clearance of the agent from critical organs is rapid, then the dose-rate must also
be considered. Indeed, the increased dose-rate, arising from a large administered activity based
on an “absorbed dose only” protocol, may cause unexpected toxicity. Even though the total
absorbed dose to a dose-limiting tissue remains constant, the dose-rate can vary substantially
among patients. Dose rate considerations have only recently been taken into account in
radionuclide therapy dosimetry.1–10 Those effects may be examined through the biological
effective dose (BED) that relates absorbed dose and dose-rate with radiosensitivity and repair
of radiation damage using the standard linear-quadratic (LQ) model.11,12 The BED represents
the dose required for a given biological effect when delivered by infinitely small doses per
fraction or at very low dose-rates and is typically used to compare the response implications
of total absorbed doses delivered at different dose-rates. To date, BED modeling for
radionuclide therapy has accounted for the absorbed dose-rate from only a single source organ
(the target).11 This is because the formalism is based on activity kinetics in the target. In this
work, the BED formalism is extended to include the effect of multiple source organ
contributions to the net dose-rate in a target organ. A generalized BED formulation is developed
that follows the Medical Internal Radionuclide Dose Committee (MIRD) schema.13 The
methodology is then applied to the red marrow and kidneys, which are the dose-limiting normal
tissues in most radionuclide therapy. The issue of potential increased marrow toxicity due to
the more rapid whole-body clearance associated with therapy using radiopeptides or engineered
low molecular weight constructs as well as radioiodine therapy with protocols using
recombinant human thyroid-stimulating hormone (rhTSH) is examined. The effect of cross
irradiation of subkidney regions is also examined for small radiolabeled molecules. The
application of BED in these examples is contrasted with its application in intact antibody
mediated radioimmunotherapy.

II. MATERIALS AND METHODS
II.A. Standard BED formulation
The BED may be defined as the product of the total physical dose (D) and a modifying factor
named the relative effectiveness per unit dose (RE) that quantifies dose-rate effects with respect
to radiosensitivity and repair of radiation damage
(1)

It is important to note that repopulation of cells is not considered in this formulation (see Sec.
IV). The model is usually applied for conventional fractionated high-dose-rate radiotherapy
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with N fractions of dose d, i.e., the total dose D = N · d. In this case, the RE function is given
by
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(2)
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where α and β are the tissue specific coefficients for radiation damage with α proportional to
dose (one single event is lethal) and β proportional to dose squared (two sublethal events
required for lethal damage). The α/β ratio is also named the repair capacity and quantifies the
sensitivity of a given tissue to changes in fractionation. Typical values for the α/β ratio are
about 5–25 Gy for early-reacting normal tissues and tumors and about 2–5 Gy for lateresponding normal tissues.14 For a single acute exposure, the fraction N is set to 1. Equation
(2) assumes that acute dose fractions are spaced sufficiently to enable full recovery of sublethal
damage remaining after each fraction. This is the usual situation of fractionated external beam
radiation therapy (EBRT) where the regimen is based on daily fractions while the sub-lethal
damage repair half-time ranges typically between 0.5 and 3 h.15 In continuous therapy such as
radionuclide therapy, the repair process of sublethal damage takes place during the radiation
dose delivery and, therefore, a more general formalism is required. Assuming an exponentially
decreasing dose-rate and a complete decay of the source, Dale11 demonstrated that the RE
function is given by the following expression:

(3)

where D is the absorbed dose, μ is the exponential repair rate constant that quantifies the rate
of sublethal damage repair, and λ is the effective clearance rate constant given by the sum of
the physical decay and the biological clearance rate constants. Note that the standard MIRD
notation uses λ for the physical decay rate constant and λeff for the effective clearance rate
constant.13 In the original equation, the product D · λ is replaced by the initial dose-rate R0.
For a rapid clearance, i.e., λ ≫ μ, Eq. (3) is identical to the RE function of a single acute dose
given by Eq. (2). Equation(3) is applicable only if the dose-rate, and accordingly the loss of
activity in the organ, is well approximated by a monoexponential function. Howell et al. derived
a more complex form of the RE using a dose-rate function that includes a time-dependent
uptake contribution.7 The RE function can also be expressed using the Lea–Catcheside factor
G (Ref. 8),
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(4)

According to Eqs. (2) and (3), G is equal to 1/N for EBRT andλ/(λ + μ) for radionuclide therapy.
The factor G ranges between 0 and 1 and expresses the reduction in cell kill due to sublethal
damage repair during continuous irradiation and/or between fractions. Including the factor
G, the standard LQ equation may be expressed as exp(−αD−GβD2). The generalized Lea–
Catcheside factor G for a time-dependent dose-rate Ḋ(t) is given as follows:16,17

(5)
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The second integration over the time parameter, w, refers to the exponential repair of first
sublethal damage. The first integral term expresses the second event that can combine with the
first event remaining after repair to produce a lethal lesion. As opposed to a single lethal event,
sublethal damage is dependent on the rate of dose delivery. For a complete decay of the source,
i.e., the radionuclide, the overall time of the treatment T goes to infinity.
II.B. BED formulation for multiple decaying sources
Assuming a temporal variation of activity in the source region h described by an instantaneous
uptake and a multi-exponential clearance, the dose-rate to the target organ due to the single
source organ h is given by the following functional form:

(6)
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where Ḋ0,h is the initial dose-rate contribution from the source organ h to the target organ, i is
multiexponential component index (i =1, …,n), λi,h is the effective clearance rate, and ai,h is
the dose-rate fraction coefficient. For instance, an adequate description of blood clearance
requires typically a biexponential function (n =2) or a triexponential function (n =3) in case of
radiopeptides. In the case of multiple source organs, each source imparts a radiation dose-rate
to the target organ with a multiexponential clearance pattern related to the time-activity
function. The total dose-rate to the target organ exposed to s source organs is then given by the
sum of the dose-rates,

(7)

The general expression for RE assuming a time-dependent dose-rate Ḋ(t) is given by Eq. (4)
with the generalized Lea–Catcheside time factor G defined in Eq. (5). Substituting Eq. (7) in
Eq. (5) and solving the double integration for a complete decay of the source gives the following
expression:

(8)
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Using the MIRD schema, the extrapolated “initial dose-rate” Ḋ0,h may be expressed by the
following equation:
(9)

where A0 is the administered activity, Sh is the S value from the source organ h to the target
organ, and fh is the “initial activity fraction” obtained by extrapolating to zero time an
exponential expression fitted to the activity versus time curve. In clinical dosimetry, fh values
are obtained during the biokinetic analysis based on a multiexponential fit of activity-time
curve according to the function,
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(10)

where Ah(t) is the activity in the organ h at time t. Substituting Eq. (9) in Eq. (8) gives the
following expression:

(11)

In Eq. (11), the factor Gs,n is a function of both the total dose D and the administered activity
A0. The total dose may be eliminated from the expression by inserting Eq. (9) into Eq. (7) and
taking the time integral between zero and infinity; the following relation is obtained:

(12)
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Substituting Eq. (12) in Eq. (11), the MIRD-based Lea–Catcheside factor is finally given by

(13)

As a test of the consistency, Eq. (13) is determined for a unique source with monoexponential
clearance, i.e., s =n =1. In this special case, G1,1 = λ/(λ + μ) and the resulting RE function is
identical to Eq. (3). As an example of using Eq. (13), the factor G for a unique biexponential
decaying source is determined as follows:
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(14)

II.C. BED formulation for two source organs
The special case with activities located in two source organs following monoexponential
effective clearance is considered, i.e., s =2 and n =1. According to Eq. (12), the total absorbed
dose to the target organ is described as follows:

(15)

In many situations, the first term corresponds to the self-absorbed dose in the target organ and
the second term corresponds to the absorbed dose from activity in another organ or tissue. In
this particular case of monoexponential clearance, the conventional MIRD formalism refers to
Med Phys. Author manuscript; available in PMC 2010 November 5.
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the ratio f/λ as the residence time τ. Using Eq. (13), the factor G2,1 is expressed as a function
of μ, f1, f2, λ1, λ2, S1, and S2,
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(16)

Unlike the absorbed dose that needs only the knowledge of residence times τ, the factor G,
requires the knowledge of both parameters f and λ independently. In this special case, the
function G is driven by both ratios f1/f2 and S1/S2. As mentioned before, G is smaller than 1.
In Eq. (16), each of the four terms in the numerator may be interpreted as a possible combination
of generating two sublethal events to cause lethal damage. The variation of RE in case of two
source organs will be discussed via the use of G2,1 for red marrow and kidneys in the next
section.
II.D. BED formulation for fractionated radionuclide therapy
For treatments with a dose fractionated in multiple cycles, the BED is linearly additive16,18
and the following expression for the total BED may be derived using Eqs. (1) and (4):
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(17)

where Di is the dose and Gi is the generalized Lea–Catcheside factor for the cycle i. For a total
absorbed dose D given in N equal fractions, with a time lapse long enough to assume a complete
decay of the radionuclide and full repair of sublethal damage between each cycle, Eq. (17) may
be expressed as follows:

(18)
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It was assumed that all biokinetic parameters remain constant during the overall treatment to
consider the same factor Gs,n for each cycle. Note that Eq. (13) is independent of the
fractionation scheme and thus Gs,n may be evaluated with cumulated initial activity fractions
fh.
II.E. BED-based treatment planning
The conventional dosimetry-based approach in radionuclide therapy consists in determining
the activity that would deliver the “largest safe absorbed dose” to the organ at risk. Considering
a BED approach, the maximum safe absorbed dose D must satisfy the following equation:

(19)

where the BED is derived from clinical experience in EBRT. Indeed, limiting absorbed doses,
such as D5,5 that results in a 5% probability of developing severe late damage within 5 years,
are available for most normal tissues in EBRT and may be converted to BED5,5 using Eq. (2)
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with an appropriate dose per fraction (typically 2 Gy). The physical solution of Eq. (19) is
given by
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(20)

where Gs,n is determined using Eq. (13) with patient-specific biokinetic parameters and S
values associated to the dose-limiting organ. Considering a fractionated regimen (N equal
fractions), Gs,n is replaced by Gs,n/N in Eq. (20). Finally, the corresponding activity to be
administered is easily calculated using Eq. (12).

III. RESULTS
III.A. Application to red marrow
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For most nonmyeloablative radionuclide therapy, red marrow is the first dose-limiting organ.
Since poor correlations between absorbed doses to red marrow and hematological toxicities
have been reported in literature, it appears judicious to assess the use of BED for this purpose.
The standard calculation of mean absorbed dose to red marrow is generally described as the
sum of the self-absorbed dose in red marrow and the absorbed dose from activity in the
remainder of the body
(21)

SRM←RB values are determined using the following expression:
(22)
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SRM←RM and SRM←TB values are available from OLINDA/EXM.19 For the reference man,
the following masses are used: mRM=1.12 kg, mTB=73.7 kg, and mblood=5.2 kg. S values for
different radionuclides of interest are given in Table I. Supposing a monoexponential effective
clearance, the residence times in the red marrow τRM and the remainder of the body τRB are
expressed as fRM/λRM and fRB/λRB. It is assumed that (fRM+ fRB) corresponds to the initial
activity in the whole body. In practice, fRM and fRB are extrapolated to the time of
administration according to the best exponential fit and there is no explicit relationship between
both parameters. Considering the blood-based approach,20 the extrapolated fraction in the red
marrow may be expressed as

(23)

where RMBLR is the red marrow-to-blood activity concentration ratio that ranges between
0.19 and 0.63, up to 1.0 for fragments.21 Assuming a RMBLR of 0.5, fRM is about 0.1· fblood.
According to this method, the effective clearance half-time in red marrow is equal to the
effective clearance half-time in blood.
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RE functions for the red marrow are then determined using Eq. (4) with G2,1 given in Eq. (16)
(source 1=RM; source 2=RB). For the α/β ratios of red marrow cells, Fowler et al.12 indicate
a range of 7–26 Gy. Dale11 assumed a value of 15 Gy for his calculations and Wilder et al.10
used 10 Gy in their study. Concerning the repair half-time, Dale11 and Howell7 assume 1.5 h
while Wilder used 0.5 h.10 For the present study, an α/β of 10 Gy and a repair half-time Tμ of
1.5 h (corresponding to a repair rate μ of 0.46 h−1) are assumed. A safety threshold of 2 Gy for
absorbed dose to red marrow is generally recommended to reduce the probability of severe
marrow depression.22 Since G is smaller than 1 in any case, the highest value for RE is 1.20
according to Eq. (4). Figure 1 shows the RE isocurves of the red marrow for 90Y, 111In, 131I,
and 177Lu as a function of effective clearance half-times T1/2,blood and T1/2,RB, assuming an
extrapolated initial intake ratio fRM/fRB of 0.05. This ratio corresponds to a realistic
extrapolated initial intake for blood of 0.5. Since effective clearance half-times are more
intuitive than effective clearance rates, λblood and λRB have been replaced by ln(2)/T1/2,blood
and ln(2)/T1/2,RB. In Fig. 2, RE functions for 90Y are plotted for a different α/β of 15 Gy and
then a different repair half-time Tμ of 0.5 h.
III.B. Application to kidney dosimetry
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Radiation dose to kidneys is of clinical significance for peptide receptor radionuclide therapy
(PRRT) because of the high tubular uptake of the peptides after glomerular filtration and
retention of the radionuclides in the proximal tubular cells. Large amounts of radiolabeled
peptides, such as somatostatin analogs (e.g., 111In-DTPA-octreotide, 90Y-DOTATOC,
and 177Lu-DOTATATE), retained in the renal cortex cause high radiation doses that may result
in nephropathy.23,24 Animal studies indicated that the activity distribution in the cortex and
medulla depends on the antibody or peptide size.25 According to the multiregion model of the
MIRD Pamphlet No. 19 for kidneys,26 the mean dose to tissues of the renal cortex is given by
(24)

The renal pelvis and medullary papillae that represent a volume of 4.2% and 0.8%, respectively,
of the total kidney tissue are neglected for the present study. Scort←cort and Scort←med values
are available from MIRD19 (Ref. 26) and are given in Table II for the adult phantom. Since a
monoexponential clearance is assumed for both subregions of the kidney, residence times
τcort and τmed are expressed as fcort/λcort, and fmed/λmed. Note that f is the extrapolated initial
fraction of activity within the subregion and not the fractional residence time as expressed in
MIRD19. It is assumed that (fcort + fmed) corresponds to the extrapolated initial fraction of
activity in the whole kidney.
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To evaluate the RE functions for the renal cortex using Eqs. (4) and (16) (source 1=cortex;
source 2=medulla), the following parameters proposed by Barone et al.1 are used: repair halftime Tμ of 2.8 h, α/β ratio of 2.6 Gy, and maximal absorbed dose to kidneys D of 27 Gy. In
fractionated EBRT, it is recommended that a kidney absorbed dose of 23 Gy (=D5,5) should
not be exceeded.27 A higher critical dose has been tolerated for radionuclide therapy since
much lower dose-rates are involved.8 In the present study, the limiting dose of 27 Gy is applied
to the renal cortex, which is most likely to be responsible for observed radiation-induced
toxicity, such as nephropathy, after radionuclide therapy. Using Eq. (4), the maximal RE is
11.4. This nonrealistic case would correspond to a single acute dose delivery (G =1) of 27 Gy.
In other words, 27 Gy delivered as a single acute exposure would have a devastating biological
effect equal to 308 Gy delivered in very small fractions over a very long time. Figure 3 provides
the RE isocurves of the renal cortex for different radionuclides of interest, as a function of
(T1/2,cort, T1/2,med) assuming that the initial intake of radioactivity is distributed equally in the
cortex and the medulla (fmed/fcort =1). For conceivable effective clearance half-times, the RE
Med Phys. Author manuscript; available in PMC 2010 November 5.
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ranges typically between 1.4 (shown as the region to the right of the 1.6 isodose curve) and
4.0, corresponding to a BED between 37.8 and 108 Gy. In Fig. 4, RE isocurves are shown
for 90Y considering two different initial intake scenarios: (a) and (c) fcort/fmed=3; (b) and (d)
fcort/fmed=1/3. In Figs. 4(c) and 4(d), RE isocurves are given taking into account fractionation
effects using Eq. (18) for a two-cycle (N =2), and respectively, four-cycle (N =4), regimen.
The range of RE values is then reduced to between 1.2 and 2.6, and between 1.1 and 1.8,
respectively. Figure 5 shows the largest safe isodose, calculated with Eq. (20) and the G2,1 of
the cortex, as a function of T1/2,cort and T1/2,med that corresponds to a BED5,5 of 41 Gy. The
BED has been converted from the EBRT dose limit of 23 Gy using Eq. (2) with fractionation
of 2 Gy. A ratio fcort/fmed of 1 was assumed. As an example, for both T1/2,cort and T1/2,med of
40 h, the largest safe absorbed dose to the renal cortex is of about 25 Gy with a single cycle
[Fig. 5(a)]and 32 Gy with a three-dose fractionation regimen [Fig. 5(b)]. The corresponding
activity to be administered A0 may be then calculated using Eq. (24). For this purpose, the total
initial activity fraction in both kidneys, i.e., (fcort + fmed), is required in addition to the ratio
fcort/fmed. Thus, assuming an initial uptake fraction of 10% in kidneys, a cumulated
administered activity A0 of 12 GBq is required to deliver an absorbed dose to the cortex
Dcort of 25 Gy, and 15 GBq for a Dcort of 32 Gy. For a smaller uptake fraction of 5%, maximal
tolerable activities are exactly twice as high.

IV. DISCUSSION
NIH-PA Author Manuscript
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Figures 1–4 show that RE factors increase as effective clearance half-times decrease. Indeed,
for short half-times, a higher activity has to be administered in order to reach the targeted
absorbed dose. Consequently, the dose is delivered at a higher dose-rate and a reduction of cell
repair is expected, resulting in an increased RE. As a result, the RE function is more sensitive
to variation in the short half-time region. The maximal RE is obtained when both half-times
tend to zero. This special situation corresponds to a single acute dose delivery, i.e., a factor
G2,1 of 1. RE factors associated to red marrow are rather close to 1 as shown in Fig. 1.
Considering effective half-times in blood above 20 h, the RE is less than 1.02 for the four
isotopes of interest. Therefore, for radioimmunotherapy, since radiolabeled antibodies such
as 131I-tositumomab and 90Y-ibritumomab tiuxetan tend to clear slowly, the BED is
approximately equal to the absorbed dose. For PRRT, wash-out periods of peptides are usually
short and effective clearance half-times in blood of about 1 h are appropriate. In this case, the
RE factor ranges around 1.10. If an α/β ratio of 15 Gy is assumed instead of 10 Gy, the RE
factors are smaller as illustrated in Fig. 2 by the shift of the isocurves in the direction of the
shorter half-times. A similar pattern is observed when the repair half-time Tμ is shortened from
1.5 to 0.5 h [see Fig. 2(b)]. For radioiodine (131I) therapy with rhTSH, clearance half-times
from blood may be of the order of a few hours and RE factors are thus similar to those obtained
from PRRT. A more complete estimate of the RE could be achieved using a biexponential
function to describe clearance kinetics in blood. Irrespective of LQ model parameters,
biological processes involving dose-rate and repair of sublethal damage, quantified by the RE,
do not yield a BED to red marrow that is significantly different from the physical absorbed
dose, which is typically associated with uncertainties of more than 20%. This is in contrast to
results in murine models suggesting a strong in-fluence of the dose-rate on the resulting
myelotoxicity.21 Action involving stem cell repopulation and dose-rate may be responsible for
these observations. Indeed, unlike normal organs with late response to radiation, such as
kidneys, red marrow is an acute-responding tissue where significant cell repopulation occurs
during irradiation. Based on the LQ model accounting for cell repopulation, the BED has been
extended by Dale28 as follows: BED=D·RE–BRF. The BED related repopulation factor BRF
is expressed in the form of a dose that reduces the biological effect due to concurrent cell
repopulation. Using this model, Howell et al.29 examined the advantage of longer-lived
radionuclides in radioimmunotherapy. Wilder et al.10 studied the correlation between the BED
including cell repopulation and hematopoietic toxicity after 131I-Lym-1 infusions in patients.
Med Phys. Author manuscript; available in PMC 2010 November 5.
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No clear association between bone marrow absorbed dose or BED was found. As expected,
the RE had only a minor effect upon BED. They suggested that the weak association had been
influenced by tumor involvement of the red marrow or previous myelotoxic therapy. A BED
formula including cell repopulation dedicated to radionuclide therapy has been derived by
Atthey et al. in case of a single exponentially decaying source.30 The formulation becomes
more complex when the dose-rate temporal pattern depends on multiple irradiating source
organs and no analytical solution has been found in this case. It should be noted that the bone
marrow is a highly complex organ and other factors that may influence dose response, such as
spatial distribution of active bone marrow and hematopoietic cells, remain outside the scope
of the present study.31
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In the case of kidneys, the RE factors take higher values than in the case of red marrow. For
effective clearance half-times between 10 and 60 h, the RE to the renal cortex ranges between
1.5 and 4. Figure 3 shows that the medulla half-time contributes more significantly to the cortex
RE as the ratio Scort←cort/Scort←med decreases across the different radionuclides examined. For
a low-energy beta emitter such as 177Lu, the RE function is almost insensitive to T1/2,med
variations and the resulting isocurves are nearly straight lines parallel to the T1/2,med axis. The
highest medulla contribution is obtained for 111In due to the small Scort←cort/Scort←med ratio
resulting from low electron dose deposition within the cortex from decays in the medulla.
Figures 4(a) and 4(b) show that the RE isocurve pattern is strongly influenced by the initial
intake fraction ratio. In fact, according to Eq. (9), initial intake factors contribute directly to
the determination of the initial dose-rate that is critical for BED considerations. Figures 4(c)
and 4(d) show that fractionation reduces the RE values and narrows the range of RE values as
the number of cycles increases without affecting the shape of the functional dependence of
T1/2,cort and T1/2,med. One to five cycles are typical fractionated regimens in PRRT.
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The scenario with fcort/fmed=3, i.e., an initial radioactivity distribution of 3/4 in the cortex and
1/4 in the medulla, corresponds to a realistic situation in PRRT as shown by Konijnenberg et
al.32 According to Barone et al.,1 the mean effective clearance half-time of 90Y-DOTATOC
in kidneys is about 30 h. In this case, Fig. 4(a) yields a RE of about 1.9 and variations due to
the medulla contribution are minor. Furthermore, with some retention in the cortex, the
clearance in the medulla is certainly faster than in the cortex and fluctuations due to medulla
are even smaller. As long as the renal activity is essentially located in the cortex of the kidney,
the medulla contribution may be neglected. Then it is reasonable to use Eq. (3) with a single
source organ. In their study, Barone et al.1 determined the BED to kidneys for each patient
based on Eqs. (3) and (17). The results show a correlation between BED and renal toxicity, as
opposed to the absorbed dose alone. This finding clearly demonstrates that BED is an
appropriate quantity to improve prediction in dose-toxicity response. Those considerations
suppose that the dose to the cortex is responsible for the radiation-induced renal diseases
observed after radionuclide therapy. The irregular activity distribution within the cortex
observed by de Jong et al.23 limits the appropriateness of MIRD19 and ideally imposes the use
of three-dimensional (3D) voxel-based dosimetry. Indeed, for low-energy β-emitters (such
as 111Lu) and Auger electron emitters (such as 111In), Konijnenberg et al.32 showed that
heterogeneous activity distribution in the kidneys affects considerably the dose distribution,
generating volumes with lower and higher doses than the average dose to the cortex. In contrast,
for high-energy β- emitters (such as 90Y), dose distributions in the kidneys are essentially
independent of the activity distribution pattern and, consequently, accurate kidney dosimetry
can be based on MIRD19. Furthermore, using the Lyman model with the effective volume
method, Konijnenberg et al. interpreted the nonuniform dose distributions over the kidney
irrespective of any heterogeneity in activity distributions and suggested that the EBRT
tolerance dose to kidneys, i.e., 23 Gy, may be augmented at least by a factor of 1.25 for PRRT.
With respect to effects and limitations of dose nonuniformity, the MIRD19-based BED
dosimetry enables a suitable intermediate level between the rough whole kidney dosimetry and
Med Phys. Author manuscript; available in PMC 2010 November 5.
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the complex 3D voxel-based BED dosimetry. With current quantitative PET and SPECT
imaging, activity uptake may be measured appropriately in the different renal regions.33
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Figure 5 shows the largest safe dose to be delivered to the renal cortex according to effective
clearance half-times in the cortex and medulla. As expected, fractionation of the total dose
results in higher maximum tolerated doses, of about 30%–40% for a three-dose fractionation
regimen, as compared to the unfractionated total dose. This type of approach is interesting for
a first estimate of the maximal dose to an organ at risk in case of phase I/II trials of new
therapeutic radiopharmaceuticals. At present, it is unclear which dose can be administered
safely to kidneys in the context of radionuclide therapy.34 For instance, in skeletal targeted
radiotherapy with 166Ho-DOTMP, nephropathy was reported for low absorbed dose to kidneys
below 4 Gy.4 Since the radioisotope passes fast into the urine with minimal retention in the
kidneys, the dose-rate effects have certainly accounted for the toxicity observed. However, the
RE of 1.3 calculated by the authors using Eq. (3) does not provide a sufficient explanation and
the renal toxicities observed in this study remain unclear. Recently, Chiesa et al.5 used the
single organ BED concept to determine the maximal activity to be administered to patients in
the ongoing phase I escalation study of myeloablative 90Y-ibritumomab tiuxetan therapy. BED
toxicity thresholds were derived from EBRT for kidneys, but also heart, liver, lung, and testes.
With myeloablative radionuclide therapy, accurate dosimetry of late-responding organs is
essential for the design of the protocol in order to identify the second limiting organ(s) and
then minimize or avoid toxicity.

NIH-PA Author Manuscript

Equations (1), (4), and (13) provide a generalized MIRD-based formalism to determine the
BED in addition to absorbed dose. The implementation of the formulas in MIRD-based
dosimetry software such as the OLINDA/EXM code19 require minor modifications. Biokinetic
parameters are directly available from conventional multiexponential fits. Thus,
radiobiological parameters α/β and repair rate constants μ are the only “new” quantities
necessary for the computation. However, large uncertainties associated with α/β and μ
necessitate caution, particularly when the method is applied to an individual patient. Indeed,
radiosensitivity may differ among patients and is probably influenced by prior therapy. In
addition, LQ model parameters currently available have been derived from EBRT that produces
homogeneous dose distribution whereas, in radionuclide therapy, the dose pattern depends on
the targeting of the therapeutic agents, e.g., stem cells for bone marrow in RIT or glomeruli
for renal cortex in PRRT. Therefore, α/β and μ should be determined specifically for each new
radiotherapeutic agent. The MIRD formalism is not limited to uniform activity distribution in
organs or suborgans but is also appropriate for voxel-based dosimetry.35Equation (13) is then
directly applicable at the voxel level and completes the simplified formula proposed by
Prideaux et al.9 However, substantial computer time will be required for this task and
appropriate algorithms for 3D imaging based BED dosimetry are still under investigation.

V. CONCLUSION
In addition to physical absorbed dose, the BED takes into account competing effects of doserate and tissue repair mechanism. In this work, a generic formula has been proposed to enlarge
the BED formalism to the MIRD schema. The concern of dose-rate effect with cell repopulation
that is relevant for acute-responding tissues such as red marrow and tumors requires more
complex modeling and has not been considered in this study. It is generally admitted that BED
may be a useful quantity to better predict dose-response and dose-toxicity relationships. Those
relations are important in radionuclide therapy to optimize and evaluate treatment plans and
modalities. Using radiation tolerance known from external radiation therapy, the BED formula
may be used as a treatment-planning tool to incorporate dose-rate considerations when
determining the activity to be administered. Although the LQ model is probably the best
currently available model for radiation effect, large uncertainties are associated with
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radiobiological parameters, such as α/β or μ, that are crucial for BED calculation. Nevertheless,
useful guidance could be obtained if those uncertainties are considered as an inherent part of
treatment planning and clinical decision-making process.
The BED-based dosimetry was applied to the red marrow as well as the regional kidney model
considering the cortex and the medulla. Red marrow dosimetry is of interest since
hematopoietic suppression is the dose-limiting toxicity for most nonmyeolablative therapies.
It has been shown that the dose-rate associated with repair mechanism does not play a major
role for red marrow. With the increasing use of small radiolabeled molecules such as peptides,
assessing the impact of the dose-rate in kidney dosimetry is of clinical significance due to the
rapid excretion through the urinary tract and the retention of radioactivity in the renal cortex.
In this case, the BED may differ largely from the absorbed dose and complex relations occur
between biokinetic and dose parameters of both the cortex and the medulla.
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Fig. 1.

Relative effectiveness isocurves of the red marrow for (a) 90Y, (b) 111In, (c) 131I, and
(d) 177Lu as a function of effective clearance half-times (T1/2,b and T1/2,RB) assuming an initial
intake ratio fRM/fRB of 0.05.
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Fig. 2.

Relative effectiveness isocurves of the red marrow for 90Y as a function of effective clearance
half-times (T1/2,b and T1/2,RB) assuming fRM/fRB =0.05 and (a) a different α/β =15 Gy and (b)
a different Tμ =0.5 h.
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Fig. 3.

Relative effectiveness isocurves of the renal cortex for (a) 90Y, (b) 111In, (c) 131I, and
(d) 177Lu as a function of effective clearance half-times (T1/2,cort and T1/2,med) assuming an
initial intake ratio fcort/fmed of 1.
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Fig. 4.

Relative effectiveness isocurves of the renal cortex for 90Y as a function of effective clearance
half-times (T1/2,cort and T1/2,med) assuming an initial intake ratio fcort/fmed of respectively, 3
(a), (c) and 1/3 (b), (d). A fractionated regimen was also considered with (c) N =2 cycles and
(d) N =4 cycles.
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Fig. 5.
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Isocurves of the largest safe absorbed dose to the renal cortex (in Gy) as a function of effective
clearance half-times (T1/2,cort and T1/2,med)assuming a BED of 41 Gy and an initial intake ratio
fcort/fmed=1 for 90Y. A fractionated regimen was considered in (b) with N=3 cycles.
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Table I
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S values for the red marrow as target tissue for the common radionuclides in radionuclide therapy (Ref. 19).
SRM←RM (mGy/MBq s)

SRM←TB (mGy/MBq s)

SRM←RB (mGy/MBq s)

SRM←RM/SRM←RB

Y-90

5.87×10−5

1.41×10−6

5.26×10−7

112

In-111

4.31×10−6

4.04×10−7

3.44×10−7

12.5

I-131

1.55×10−5

6.29×10−7

4.00×10−7

38.8

Lu-177

1.19×10−5

2.67×10−7

8.75×10−8

136

Isotopes
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Table II
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S values for the renal cortex as target tissue for the common radionuclides in radionuclide therapy (Ref. 26).
Scort←cort (mGy/MBq s)

Scort←med (mGy/MBq s)

Scort←cort/Scort←med

Y-90

6.28×10−4

1.13×10−4

5.6

In-111

4.70×10−5

1.59×10−5

3.0

I-131

1.64×10−4

1.53×10−5

10.7

Lu-177

1.17×10−4

2.62×10−6

44.7

Isotopes
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