Three-dimensional radiobiological dosimetry of kidneys for treatment

planning in peptide receptor radionuclide therapy

Sébastien Baechler?
Institute of Radiation Physics, Lausanne University Hospital, 1007 Lausanne, Switzerland

Robert F. Hobbs
The Russell H. Morgan Department of Radiology and Radiological Sciences, Johns Hopkins University,
School of Medicine, Baltimore, Maryland 21231

Ariane Boubaker and Franz Buchegger
Department of Nuclear Medicine, Lausanne University Hospital, 1011 Lausanne, Switzerland

Bin He, Eric C. Frey, and George Sgouros
The Russell H. Morgan Department of Radiology and Radiological Sciences, Johns Hopkins University,
School of Medicine, Baltimore, Maryland 21231

(Received 26 April 2012; revised 29 July 2012; accepted for publication 28 August 2012;
published 21 September 2012)

Purpose: Peptide receptor radionuclide therapy (PRRT) delivers high absorbed doses to kidneys
and may lead to permanent nephropathy. Reliable dosimetry of kidneys is thus critical for safe and
effective PRRT. The aim of this work was to assess the feasibility of planning PRRT based on 3D
radiobiological dosimetry (3D-RD) in order to optimize both the amount of activity to administer and
the fractionation scheme, while limiting the absorbed dose and the biological effective dose (BED) to
the renal cortex.

Methods: Planar and SPECT data were available for a patient examined with ' In-DTPA-octreotide
at 0.5 (planar only), 4, 24, and 48 h post-injection. Absorbed dose and BED distributions were cal-
culated for common therapeutic radionuclides, i.e., '''In, Y and '"’Lu, using the 3D-RD method-
ology. Dose-volume histograms were computed and mean absorbed doses to kidneys, renal cortices,
and medullae were compared with results obtained using the MIRD schema (S-values) with the mul-
tiregion kidney dosimetry model. Two different treatment planning approaches based on (1) the fixed
absorbed dose to the cortex and (2) the fixed BED to the cortex were then considered to optimize the
activity to administer by varying the number of fractions.

Results: Mean absorbed doses calculated with 3D-RD were in good agreement with those obtained
with S-value-based SPECT dosimetry for 90y and ""Lu. Nevertheless, for !'!In, differences of 14%
and 22% were found for the whole kidneys and the cortex, respectively. Moreover, the authors found
that planar-based dosimetry systematically underestimates the absorbed dose in comparison with
SPECT-based methods, up to 32%. Regarding the 3D-RD-based treatment planning using a fixed
BED constraint to the renal cortex, the optimal number of fractions was found to be 3 or 4, depending
on the radionuclide administered and the value of the fixed BED. Cumulative activities obtained using
the proposed simulated treatment planning are compatible with real activities administered to patients
in PRRT.

Conclusions: The 3D-RD treatment planning approach based on the fixed BED was found to be the
method of choice for clinical implementation in PRRT by providing realistic activity to administer and
number of cycles. While dividing the activity in several cycles is important to reduce renal toxicity,
the clinical outcome of fractionated PRRT should be investigated in the future. © 2012 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4752213]
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. INTRODUCTION

Peptide receptor radionuclide therapy (PRRT) with radiola-
beled somatostatin analogues is a promising treatment for
patients with inoperable or metastasized neuroendocrine tu-
mors (NETs).! Briefly, the principle of PRRT is based on
the affinity of the radiolabeled peptide for specific tumor cell
membrane receptors and the internalization of the receptor-
peptide complex to increase the retention of the radionuclide
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inside tumor cells. Successful peptides for this purpose are
somatostatin analogs that bind to somatostatin receptors over-
expressed in NETs. Originally, somatostatin-based PRRT
was performed with high dosages of !'!'In-DTPA-octreotide,’
which was first designed for imaging purposes and is still rou-
tinely used for diagnosis and staging of NETSs. Subsequently,
DOTATOC and DOTATATE were developed as they showed
higher binding affinity to most NETs® and were stably la-
beled with *°Y or !7’Lu, which are potentially more effective
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than '''In for treatment. Results from preclinical and clini-
cal studies using either *°Y-DOTATOC or '"’Lu-DOTATATE
are encouraging in terms of observed tumor regressions and
stabilization.* Only minor tumor responses were observed
with "''In-DTPA-octreotide, probably due to the short tissue
penetration of Auger electrons that are mainly emitted from
tracer localized in cytoplasm and may not reach the cell nu-
cleus. Clinical studies are ongoing to evaluate and compare
the relative efficacies of those peptides labeled with either *°Y
or "Lu’

While leading to tumor regression or stability for a major-
ity of patients, PRRT using somatostatin analogs labeled with
Y or '""Lu is potentially toxic to nontarget organs, particu-
larly the kidneys. Indeed, large amounts of radiolabeled pep-
tides are retained in the renal cortex and cause high radiation
doses that may result in permanent loss of nephron mass and
chronic renal failure.® As a result, high absorbed doses to the
kidneys limit the activity that may be required to achieve clin-
ically useful absorbed doses to tumors. Because of long-term
renal toxicity, the high amounts of activity used in animals are
not tolerable for patients and could explain why complete re-
missions are rarely obtained in clinical studies in contrast to
animal studies.” One way to increase the amount of activity
to administer is to reduce the renal uptake and thus the radia-
tion dose to kidneys. Therefore, in clinical practice, PRRT is
always being administered with renal-protective agents. An-
other way is to spare renal tissues by fractioning the cumu-
lative administered activity into several cycles in order to
allow repair of sublethal damage between cycles. Reliable
dosimetric approaches including fractionation are thus critical
for individualized treatment planning in order to maximize the
cumulative activity to administer, and thus potentially the
therapeutic efficacy, while keeping a safe cumulative dose of
radiation to the kidneys.*3

Kidney dosimetry is traditionally assessed using the med-
ical internal radiation dose (MIRD) methodology,” which
assumes a uniform activity distribution within the kidneys.
Since peptides are mainly deposited in the proximal tubules
in the renal cortex, which is associated with a greater radiobi-
ological sensitivity, the localization of the absorbed dose may
increase the risk of renal toxicity. MIRD Pamphlet No. 19
(MIRD19) addressed this issue by dividing the kidney into
cortex, medulla, and renal pelvis compartments'® and pro-
vided an estimate of the average dose to the cortex. Using the
MIRD19 models, Barone et al.'! demonstrated that the bio-
logical effective dose (BED) was a more appropriate quantity
than absorbed dose to predict the dose-response relationship
for renal toxicity in PRRT. The BED relates absorbed dose
and dose rate to radiosensitivity and repair using the linear-
quadratic model.'>!® More precisely, the BED gives the ab-
sorbed dose that should be delivered to a tissue for a certain
biological effect at an infinitesimally small dose rate and is
useful to compare treatments with different dose rates and
fractionation schemes. The use of the BED concept for renal
dosimetry was expanded upon in MIRD Pamphlet No. 20.'4

The aim of this work was to propose a reliable treatment
planning methodology for PRRT based on 3D radiobiological
dosimetry (3D-RD), which would translate the current knowl-
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edge of renal toxicity and state-of-the-art 3D dosimetry into
clinically applicable optimized treatment planning. The pre-
existing 3D-RD methodology combines 3D imaging-based
dosimetry with radiobiological modeling,'>'® and accounts
for both nonuniformity in kidneys and dose-rate differences
by providing a BED value for the volumes of interest (VOIs).
In this work, we expand and assess the application of this
methodology to PRRT in order to enable the calculation of
the optimal amount of activity to administer and the optimal
fractionation scheme while limiting the absorbed dose or the
BED to the renal cortex.

Il. MATERIALS AND METHODS
Il.LA. Patient data

A 39-year-old male patient with clinically suspected NETs
was examined at the Lausanne University Hospital in the con-
text of a prospective clinical study. He was injected with
185 MBq of '""In-DTPA-octreotide (Octreoscan, Mallinck-
rodt Medical, Petten, The Netherlands). Planar whole-body
images were acquired at 0.5, 4, 24, and 48 h post-injection
(p-i.) on a dual-head gamma-camera (Biad; Trionix Research
Laboratory, Inc., Twinsburg, OH) in a 256 x 1024 matrix, us-
ing a medium-energy collimator, and 15% energy windows
centered at 171 and 245 keV. In addition, SPECT acquisi-
tions of the abdominal region were performed at 4, 24, and
48 h p.i. with a three-head gamma-camera (Triad; Trionix Re-
search Laboratory, Inc., Twinsburg, OH) in a 128 x 128 ma-
trix (4.48 x 4.48 mm?) with 120 projections (40 s/projection),
using a medium-energy collimator and 20% energy windows
centered at 171 and 245 keV.

II.B. Image-based activity quantification

For planar imaging, the conjugate view method was used
to calculate mean activity uptake in the whole body, liver, and
spleen.!” Correction for attenuation was based on a whole-
body average-attenuation factor obtained from the data ac-
quired before voiding, i.e., at 0.5 h p.i. For the kidneys, the
single-view effective point source method, including back-
ground subtraction, was used to determine the mean activity.
This method has been described in detail elsewhere.'®

With regard to SPECT imaging, data were reconstructed
using the QSPECT!® method, based on the ordered-subsets
expectation-maximization (OSEM) algorithm? (30 itera-
tions, 16 subsets) with reconstruction-based compensation for
attenuation, scatter, and collimator-detector response func-
tion (CDRF). The attenuation was modeled using attenuation
maps derived from CT imaging. A CT image set was taken
from previously acquired PET/CT data of the patient and
was registered to the three SPECT images, which had been
registered to each other on a HERMES (HERMES Medical
Solutions; Stockholm, Sweden) workstation using a mutual
information-based registration algorithm. The CT to SPECT
registration included a manual fine-tuning component. Scatter
compensation was performed using a fast implementation of
the effective source scatter estimation method.?' Point sources
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at various distances from the face of the collimator were sim-
ulated to estimate the distance-dependent CDREF that included
interactions and penetration of photons in the collimator and
detector.

A calibration image of a standard vial containing a known
activity of ''In (about 3 MBq) was obtained to measure the
system sensitivity of both gamma-cameras.

Il.C. Calculation of absorbed dose to kidneys

Absorbed doses were derived from '''In activities in or-
gans at different time points using three different dosimet-
ric approaches: (1) S-value-based planar dosimetry to deter-
mine the absorbed dose to kidneys, (2) S-value-based SPECT
dosimetry to determine the absorbed doses to whole kidneys,
renal cortices, and medullae, and (3) SPECT-based 3D-RD to
determine 3D absorbed dose distributions at the voxel level
and mean absorbed doses to whole kidneys, renal cortices
and medullae. Based on "!'In distributions, absorbed doses
were also calculated for common therapeutic radionuclides,
i.e., Y and """Lu, after correcting for the different physical
half-lives.

Il.C.1. S-value-based planar dosimetry

Activities derived from planar imaging at 0.5, 4, 24, and
48 h time points were fit to a monoexponential function in
order to determine the time-integrated activity coefficients
(TIACs). For *°Y and '7"Lu, activities were adjusted at each
time point due to the differing physical half-lives (64.0 h
and 160 h, respectively, versus 67.3 h for '''In). Resulting
TIACs for kidneys, liver, spleen, and rest of body were en-
tered into OLINDA/EXM (version 1.1, Vanderbilt University,
Nashville, TN)?? to calculate the absorbed dose to the kidneys
using S-values with adjustment for patient organ masses, as
assessed through manual CT volumetry.

Il.C.2. S-value-based SPECT dosimetry

Reconstructed SPECT data were registered to each other
and VOIs were drawn for the liver, the spleen, left and right
kidney cortices and medullae on the 24 h fused SPECT/CT
images. VOIs were converted to masks and imported into
the 3D-RD'>!¢ workstation where TIACs were determined
for each VOI and each radionuclide. For *°Y and '""Lu,
activities were corrected for the differing physical half-life
at each time point. For each radionuclide, the resulting ac-
tivities were fit to a monoexponential function at both the
whole-organ and voxel levels, from which the TIACs were
obtained. For the whole organ, as well as for the renal cor-
tex and medulla, the activities from the voxels within the or-
gan at each time point were added and the total organ activ-
ities were fit to a monoexponential function. TIACs for the
liver, spleen, and whole kidneys (cortex and medulla) were
entered into OLINDA/EXM to calculate the absorbed dose to
the whole kidneys. The TIAC for the rest of body was de-
rived from the planar images. To calculate the absorbed dose
to the renal cortex, the MIRD19 model with regional S val-
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ues for the renal cortex and medulla was applied,'” using the
cortex and medulla TIACs and scaling the results to the mea-
sured masses of both compartments. Masses of both renal cor-
tex and medulla were determined from manual segmentation
of CT images. OLINDA/EXM was not used for this purpose
since the implemented kidney model does not allow for mass
adjustment of the cortex and the medulla. On the other hand,
the absorbed dose contribution to the cortex and the medulla
from the liver, the spleen, and the rest of the body was ob-
tained with OLINDA/EXM by setting the TIAC for kidneys
to zero. We assumed that the contribution from the liver, the
spleen, and the rest of body to the absorbed doses to the whole
kidneys, the cortex, and the medulla were equal.

1.C.3. SPECT-based 3D-RD

A more complete description of 3D-RD and its earlier ver-
sion has been described in detail elsewhere.'>?3 Several typ-
ical procedural steps including VOI definition and activity
adjustment due to half-life differences had already been
implemented and described for the S-value-based SPECT
dosimetry. Briefly, the next steps were as follows:

1. 10 million electrons (Auger for Hitp and Y7Ly, B~ for
20Y and '""Lu) and photons (for !''In and '7"Lu) were
emitted and tracked using the EGSnrc Monte Carlo
package. The number of histories was chosen to ob-
tain absorbed dose rates with statistical uncertainties
on the order of 10% at the voxel level and below 1% at
the sub-organ level, i.e., for the renal cortex and renal
medulla.

2. The energy deposition distributions from the photon
and electron components obtained from the Monte
Carlo simulation in Step 1 were weighted by the prob-
ability and measured activity, converted to dose rates
and the values stored along with the input SPECT and
CT-density data.

3. Mean absorbed doses to the whole kidneys, the cortex,
and the medulla, as well as voxel absorbed doses, D,
were calculated by fitting monoexponential functions
to the dose rates calculated for the three time points as
follows:

- .
. D
D=/ De_’\etdtz)L—O, 1)
0

€

where Dy is the initial dose rate and A is the measured
effective decay constant (72 = In(2)/A¢). In the case
of some voxels with nonphysical decay constants, ab-
sorbed doses were calculated by fitting trapezoids to
the data from the first three time points followed by a
physical decay after the last time point.

4. The dose contribution to kidneys from the body re-
mainder not included in the SPECT field of view,
Dyidney<rB» Was added to each voxel based on the fol-
lowing formula:

Diidney«<RB Mwg — Mspect
— A s Skidney < WB - —————

, 2
Mwg 2
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where A is the administered activity, agg is the body
remainder TIAC used in the SPECT-based approach,
My is the patient’s total body mass, and Mgpgcr is
the mass of the patient in the SPECT field of view.

Absorbed dose to whole kidneys, renal cortices, and
medullae per unit of administered activity were then
compared with values obtained with OLINDA/EXM and
MIRDI19. Since absorbed doses were calculated at the voxel
level, results were visualized in three-dimensional dose maps
as well as dose volume histograms.

II.D. Calculation of BED to kidneys using 3D-RD

For radionuclide therapy with a dose fractionated in multi-
ple cycles, the BED takes the following form:'3

3)

BED=D<I+M~D>,

o/B

where D is the total absorbed dose given in N equal fractions,
G(o0) is the generalized Lea-Catcheside factor and the o/
ratio is the repair capacity from the linear quadratic equa-
tion. This equation is valid only for a time lapse between cy-
cles long enough to assume a complete decay of the radionu-
clide and full repair of sub-lethal damage. Furthermore, all
biokinetic parameters are assumed constant during the over-
all treatment in order to retain the same factor G(oo) for
each cycle. For a monoexponential decay fit to the dose rate,
the G(oo)-factor reduces to Ae/(Ae + ) where p is the rate
of repair for sublethal damage and . is the effective decay
constant for the fit to the dose rates of Eq. (1). Fits to the
dose rates were monoexponential for the whole kidneys, the
cortices and the medullae, as well as for most voxels. For
the few voxels whose monoexponential effective decay con-
stant was nonphysical, the general form of the G(oo)-factor
was solved nurnerically.24 In those cases, dose rates were fit
with trapezoids up until the last time point and allowed to
decay physically past the last time point. For each radionu-
clide, the BED was calculated for the whole kidney, the cortex
and the medulla using the same radiobiological parameters
that were proposed by Barone et al.:'" a repair half-time, T,
= In(2)/1x of 2.8 h and an «/p ratio of 2.6 Gy. Unfortunately,
suborgan-specific radiobiological parameters are not available
at present.

ILE. 3D-RD-based treatment planning

Two dosimetric approaches are proposed for clinical im-
plementation of treatment planning in PRRT: (1) the fixed
absorbed dose-based approach where the cumulated activ-
ity that would deliver the maximum tolerated cumulated ab-
sorbed dose to the renal cortex is calculated, and (2) the fixed
BED-based approach where the fractionation-dependent ac-
tivity and the number of cycles that would deliver the max-
imum tolerated cumulated BED to the renal cortex is calcu-
lated.
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ILE.1. Fixed absorbed dose-based approach

For each isotope, the administered activity, Ap, that would
deliver a fixed absorbed dose to the cortex, Deormax of 27 Gy,'!
was determined as follows:

Deor, max
Ap = ——, “
deor

where d.; is the mean absorbed dose to the cortex per unit of
administered activity obtained from the 3D-RD calculation.
Absorbed doses to the whole kidney and medulla were then
scaled to the administered activities. By plotting the BED as
a function of the number of cycles, N, in Eq. (3), for a fixed
absorbed dose to the cortex of 27 Gy, an additional constraint
may be imposed on the BED to the cortex by choosing an
appropriate number of cycles.

ILE.2. Fixed BED-based approach

Considering a fixed BED to the cortex, Eq. (3) may be
rewritten to solve for the fraction-dependent absorbed dose
to the cortex, D.or(N). The physical solution of this equation
may be expressed as follows: '3

_ a/p
Deor(N)=N - 7= oo (\/ 1+

For N— oo, then 1/N—¢ (very small), and by using the
substitution (1 + &)" = (1 + ne) for the radical in expres-
sion (5), the absorbed dose to the cortex for many fractions,
Deor(N — 00), is equivalent to BED,,,, which is consistent
with the definition of the quantity BED.

Using expression (4), the administered activity Aggp(N)
corresponding to a fixed BED,,, value may be expressed as
follows:

4 - G(00) - BEDgor |
N-a/p )

&)

DCOI (N)

Agep(N) = d

(6)
Expression (6) is valid as long as the patient biodistribution
and kinetics remain unchanged over the treatment duration
whatever the number of cycles N. For N — oo, the asymptotic
value for Aggp(00) is given by

BED
Aggp(00) = i @)

corr

By increasing the number of cycles, N, the total administered
activity to the patient can be increased while maintaining a
fixed BED to the cortex. The optimal number of cycles can be
determined by establishing a relevance criterion: for example,
it may be considered worthwhile to increase the number of
cycles as long as there is an increase of at least 5% in the total
administered activity from N — 1 cycles to N cycles.”> The
following equation formulates this idea of gain:
Agep(N) — Agep(N — 1)

N) = 8
JFN) Ao ™) ®)
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(a)

FIG. 1. Posterior planar image (a) and fused coronal SPECT/CT slice (b) of
the patient 24 h post-injection of ' In-DTPA-Octreotide (185 MBq) showing
high uptake in renal cortex and spleen.

and the optimal number of cycles, given a fixed BED, and a
relevance criterion, c, is

N = max {N| f(N) > c}. 9)

For the current patient case, a relevance criterion of 5%
was chosen. Both maximal tolerated BED values to the cortex,
BED,;, of 28 Gy and 40 Gy were considered. The reduced-
BED,,, regimen (28 Gy) applies to patients with risk factors
while the maximal BED,,, of 40 Gy is for patients without
risk factors, according to the study by Bodei et al.?® The
latter study was based on 12 patients with risk factors and
16 without risk factors. Both 28-Gy and 40-Gy BED thresh-
olds were essentially derived from patients treated with *°Y-
DOTATOC since only one of the five patients treated with
177Lu-DOTATATE received a cumulative BED above 28 Gy.

lll. RESULTS

Figure 1 compares planar [Fig. 1(a)] and fused SPECT/CT
[Fig. 1(b)] images with '''In-DTPA-octreotide at the 24 h p.i.
time point. Uptake is visible in the kidneys, the spleen, and
the liver. The renal cortices and medullae can be clearly dis-
tinguished in the SPECT image, but not in the planar view.

llLA. Calculation of absorbed dose to kidneys

The upper part of Table I compares the absorbed dose per
unit activity to the whole kidneys derived from planar imag-
ing and SPECT imaging using OLINDA/EXM, as well as the
one derived from SPECT-based 3D-RD. In this single case

study, the planar-based method systematically underestimates
the absorbed dose compared to both SPECT-based methods,
by 21% to 32%, depending on the radionuclide. Very good
agreement was found between both SPECT-based methods,
especially for °°Y and '"’Lu. Nevertheless, a deviation of
14% was observed for !'!'In. Furthermore, the lower part of
Table I compares the absorbed doses per unit activity to the
cortex and to the medulla obtained with the MIRD19 S-values
and with 3D-RD. For the cortex, deviations of —22%, +3%,
and +10% were found for '''In, °°Y, and '7"Lu, respectively.
For the medulla, the S-values-based approach underestimated
the results from 3D-RD by 41%, 1%, and 17% for 1y, 90y
and '7"Lu, respectively. According to the 3D-RD calculation,
the cortex-to-medulla absorbed dose ratio was 1.35 for !'In,
1.95 for °Y, and 2.26 for '7"Lu. The smaller ratio for ''!'In
is due to the relatively homogenous energy deposition of the
gamma rays within the kidneys.

lil.B. 3D-RD-based treatment planning
lll.B.1. Fixed absorbed dose-based approach

Table II gives for each isotope the administered activity
required to deliver an absorbed dose to the cortex, Dcormaxs
of 27 Gy, using expression (4) and 3D-RD absorbed doses to
the cortex per unit activity, deor, from Table I. Furthermore,
Table II provides the main outputs of 3D-RD for the whole
kidney, the cortex, and the medulla: initial dose rates, effec-
tive half-lives, R> values for the monoexponential fits to the
dose rates and corresponding BED values for a single frac-
tion (N = 1). For a given absorbed dose to cortex, the longer
physical half-life of !"’Lu compared to ''In and *°Y means
a considerably lower initial dose rate Dy and consequently a
smaller BED.

Figure 2 shows axial and coronal maps of the absorbed
dose calculated with 3D-RD for *°Y. The increased absorbed
dose to the cortex is not only due to the increased activity
uptake with respect to the medulla (see Fig. 1), but also to the
more prolonged retention of the activity within the cortex as
confirmed by the effective half-lives that differ for the cortex
and the medulla (see Table II). Differences are rather large
for Y and '"Lu while they are somewhat reduced for '!'In
because of the higher photon dose contribution.

TABLE I. Mean absorbed doses per unit activity (in mGy/MBq) to the whole kidneys (dkidney), the renal cortex
(dcor), and the renal medulla (dpmeq) calculated according to the three different dosimetric methods.

Mean absorbed dose per unit activity (mGy/MBq)

Organ/tissue Isotope Planar and S-values SPECT and S-values SPECT and 3D-RD
Kidney (whole) iy 0.15 0.19 0.22
0y 1.47 2.00 1.97
B Y 0.31 0.44 0.45
Renal cortex i, —_ 0.18 0.23
0y — 2.26 2.20
B Y — 0.57 0.52
Renal medulla i, —_ 0.10 0.17
0y — 1.12 1.13
B Y — 0.19 0.23
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TABLE II. Administered activities (A) and absorbed doses (D) to the whole kidneys, the cortex and the medulla calculated for a fixed absorbed dose of 27 Gy
to the cortex, for the different radionuclides. Most relevant outputs of 3D-RD are also indicated: initial dose rates (Dp), effective half-lives (Ty.c), R? values
showing the quality of the monoexponential fits to the dose rates, and BED values for a single fraction (N = 1).

Isotope A (GBg) Organ D (Gy) Dy (Gy/h) Tipe (h) R? BED (N = 1) (Gy)

1y, 119.3 Cortex 27.0 0.59 30.2 0.99 50.7
Medulla 20.7 0.51 26.7 0.99 36.3
Kidney 25.7 0.57 29.5 0.99 476

0y 123 Cortex 27.0 0.61 30.2 0.99 50.7
Medulla 13.9 0.40 23.3 0.97 21.8
Kidney 242 0.57 29.1 0.99 44.0

7L 52.4 Cortex 27.0 0.44 41.7 0.99 44.6
Medulla 12.1 0.27 29.5 0.95 16.8
Kidney 23.8 0.41 39.7 0.99 38.0

Figure 3 shows for each radionuclide the cumulated his-
tograms of the time-integrated activity coefficient per voxel
and the cumulated absorbed dose volume histograms (DVH)
for both renal cortex [Figs. 3(a) and 3(b)] and renal medulla
[Figs. 3(c) and 3(d)]. Note that the time-integrated activity is
the sum of the voxel time-integrated activities, while the ab-
sorbed dose, fixed at 27 Gy in case of the renal cortex, is the
average of the voxel absorbed doses. The longer physical half-
life of '’Lu compared to '''In and *°Y is clearly reflected
on the distribution of time-integrated activity coefficients in
Figs. 3(a) and 3(c). In Figs. 3(b) and 3(d), the cumulated
DVHs of Y and '"’Lu are similar excepting the longer tail
for '"7Lu. This tail is due to statistical (or possibly real) fluc-
tuations in the activity at different time points, which cause
long half-lives at the voxel level. Since the physical half-life
of '7Lu is much longer than that of °°Y, the dose values of
these outliers were amplified. This was verified by constrain-
ing the '”7Lu results to a half-life equal to the °°Y half-life and
observing the disappearance of the tail (results not shown).
For '"'In, the absorbed dose distribution was more uniform,
reflecting the dominance of long-range gamma contribution
to the total absorbed dose.

To complete the fixed absorbed dose-based approach, the
BED was plotted as a function of the number of cycles, N,
in Fig. 4, using Eq. (3). For instance, we found that eight cy-
cles are necessary for '''In and *°Y to keep a BED below a
threshold chosen at 30 Gy while only six cycles are required
for 17"Lu. This difference is related to the longer delivery of
the 27 Gy absorbed dose to the cortex for 7T, i.e., a lower
initial dose rate and a longer effective half-life (see Table II).

FIG. 2. Axial and coronal sections of the Y absorbed dose in Gy for the
whole SPECT field of view shown against a CT background.
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lll.B.2. Fixed BED-based approach

The amount of activity delivering a maximal BED to the
cortex, BED,, of 28 Gy and 40 Gy, for patients with and
without risk factors, respectively,26 was determined as a func-
tion of the number of cycles, N, using Eq. (8) in Figs. 5(a)—
5(c). As the number of cycles increases, the activity that can
be safely administered to the patient tends toward the asymp-
totic value, Aggp(c0). In Fig. 5(d), the gain in administered
activity (and thus also in absorbed doses), is plotted as a func-
tion of the number of cycles according to Eq. (11) and a BED
value of 40 Gy. The relevance criterion of 5% is indicated,
from which it can be seen that the optimal number of cy-
cles for this patient with this specific approach would be four
for '""'In and °°Y, and three for !”’Lu. The gain in adminis-
tered activity beyond this number of cycles would be smaller
than 5%.

IV. DISCUSSION

The treatment planning methodology proposed in this
work enables one to perform accurate kidney dosimetry using
SPECT-based 3D-RD and reduce the probability of renal tox-
icity in PRRT by preventing the absorbed dose or the BED to
the renal cortex from exceeding the maximum tolerated value
found in literature. Despite kidney protection with infusion
of different regimens of positively charged amino acids,?’-°
renal function loss may become clinically evident years after
PRRT.?! Indeed, since kidney cells are slowly repairing cells,
radiation damage may not manifest for several months. For
this reason, accurate dosimetry is crucial to reduce renal tox-
icity in PRRT.

According to Table I, the planar-based method systemat-
ically underestimates the absorbed dose per unit activity to
the kidneys in comparison with both SPECT-based methods.
In other words, the planar-based method yields higher activ-
ity for a maximum tolerable dose to kidneys of 27 Gy. For
instance, in case of %Y, this resulting administered activity
of 18.4 GBq (= 27/1.47) would deliver an absorbed dose to
the cortex of 40.5 Gy and a BED of 58.3 Gy, if delivered in
three cycles. Additionally, the planar method does not allow
for discrimination between cortex and medulla, as they are
superimposed in the images. Note that the limited resolution
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FI1G. 3. Cumulated histograms of voxel time-integrated activity coefficients (TIAC) and voxel absorbed doses (AD) for the renal cortex [(a) and (b)] and the
renal medulla [(c) and (d)], for all three radionuclides. Note that curves for ''1Tn and °°Y are nearly superposed in the TIAC histograms, while the curves for

90Y and '77Lu are nearly equivalent for low values in the AD histograms.

of SPECT images allows only delineation between cortex and
medulla but not the pelvic region. Considering the maximum
tolerable absorbed dose to the cortex of 27 Gy, the adminis-
tered activity of *°Y would be 11.9 GBq with the S-value-
based SPECT dosimetry and 12.3 GBq with 3D-RD (see
Table II). For '''In-DTPA-octreotide, ICRP Publication 106
reported an absorbed dose per unit activity of 0.41 mGy/MBq
to the kidneys.”> In contrast, Table I shows a value of
0.19 mGy/MBq and 0.22 mGy/MBq, depending on the
SPECT-based method used. This deviation can be in part ex-
plained by the smaller mass of the ICRP reference adult male
kidney (310 g for both kidneys)** compared to the patient’s
measured kidney mass (632 g). On the other hand, Cremonesi
et al.>* reported compatible values ranging between 0.12 and
0.91 mGy/MBgq.
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Regarding the 3D-RD-based treatment planning, it is infor-
mative to examine the combination of 27 Gy absorbed dose
constraint with the BED constraints (28/40 Gy). Limiting the
BED to 40 Gy, Fig. 4 shows that applications in two fractions
are sufficient for all the radionuclides investigated. However,
constraining the BED to 28 Gy would require an unreason-
able number of cycles: 24 for !''In, 26 for *°Y, and 18 for
77Lu. On the other hand, the fixed BED approach provides
more realistic results from a clinical perspective (Fig. 5). With
the 5% relevance criterion, a patient at risk would receive
a BED of 28 Gy to the cortex in three cycles of treatment
corresponding to 99.2 MBq for !''In, 10.2 MBq for *°Y, and
45.6 MBq for '"Lu. A patient without risk factors would be
treated with 40 Gy of BED to the cortex corresponding to
four cycles of treatment with an activity of 140.0 MBq for
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of the BED curves is shown as a straight solid line: BED (N — c0) = D
=27 Gy). BED limits (BEDj;y,) of 28 and 40 Gy for patients with or without
risk factors, respectively, are shown as straight dashed lines.

"Tn and 14.4 MBq for Y, or three cycles with 61.6 MBq
for '7"Lu. Cumulated activities obtained for '''In and *°Y
are comparable to activities administered to patients in PRRT
and are somewhat higher in case of 7"Lu.'* Indeed, a typi-
cal PRRT with '"”Lu-DOTATATE consists of about four cy-
cles of about 7.4 GBq. Note that the relevance criterion of
5% is arbitrary. The treating physician might decide that for
a patient without risk factor treated with '”’Lu, an additional
fourth cycle with a gain of 4.6% in administered activity, and
thus in tumor absorbed dose, would be worthwhile, while for
all radionuclides an additional fifth cycle (gain of 2.9%-3.6%)
might not make sense.

While the treatment planning methodology proposed in
this work focuses on limiting the absorbed dose or BED to
the renal cortex, the ultimate objective is to deliver a clinically
useful absorbed dose or BED to the tumor. However, the tu-
mor absorbed dose scales with the administered activity and
a/B values for tumors are rather large (5-25 Gy), resulting
in only minor differences between absorbed dose and BED,
unlike for the normal organs. Therefore, maximizing the to-
tal activity safely administrable seems to be a reasonable ap-
proach to potentially enhance the therapeutic outcome. Even
so, when using the fixed BED approach, the gain in total ad-
ministered activity, and thus tumor absorbed dose, resulting
from an additional cycle must be substantial to overcome the
potential effects of lower initial dose rate and longer over-
all treatment duration with tumor cell repopulation. Assessing
the impact of fractionation is probably even more important
for NETs since most of them tend to be slow-growing and
relatively radio-resistant malignancies. The latter concern re-
quires more complex modeling that has not been yet consid-
ered in our treatment planning methodology.
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Not only cumulative and per-cycle absorbed dose to kid-
neys, but also age, hypertension, and diabetes are relevant
factors affecting renal toxicity after PRRT.? Their variability
among patients may explain the various maximum tolerated
absorbed dose and BED to kidneys reported in the literature.
In our treatment planning methodology, we have considered
the Bodei et al.?® study for two main reasons: (1) the separa-
tion between patients with and without pre-existent risk fac-
tors (mainly hypertension and diabetes) and (2) the use of the
BED as the quantity of merit, with a BED threshold for re-
nal toxicity of 28 Gy and 40 Gy for patients with and without
risk factors, respectively. Thus, similarly to radioimmunother-
apy where it has been proposed to customize dosing meth-
ods considering risk factors affecting hematologic toxicity,*
the presence of risk factors affecting renal toxicity in PRRT
suggest tailoring the treatment plan by selecting the suitable
largest safe BED to the kidneys. In fractionated external beam
radiation therapy (EBRT), it is recommended not to exceed
a kidney absorbed dose Dss of 23 Gy (i.e., the dose that
causes severe late damage in 5% of patients within 5 years).?
For standard EBRT with total absorbed dose delivered in 2
Gy fractions, Dss translates into a BEDs5 of 41 Gy,13 a
value very close to that used here for patients without risk
factors.

Besides the kidney, the liver and bone marrow should be
considered as potential dose-limiting organs in PRRT.3”-38
These considerations have not been taken into account in the
present study, although adapting the methodology to a liver
maximum tolerated absorbed dose or BED is rather straight-
forward. Since no correlation between absorbed dose to bone
marrow and hematologic toxicity has yet been established in
PRRT,**% integration of bone marrow dosimetry into a spe-
cific treatment methodology is still out of reach.

In the present study, we used '''In-DTPA-octreotide data
for planning PRRT whereas several studies demonstrated that
it was not a suitable surrogate*'* for renal dosimetry of
patients enrolled for *°Y-DOTATOC or '"’Lu-DOTATATE.
However, this study aimed at assessing the feasibility of the
methodology and similar pharmacokinetics and biodistribu-
tion patterns within the kidneys are expected for other ra-
diopeptides. A good treatment planning scenario would be to
administer a first cycle of the radiopeptide and use the thera-
peutic agent for theragnostic imaging and dosimetry, and ad-
just for subsequent cycles. This is possible for !”’Lu-peptides,
but not yet realistic for **Y-peptides since quantitative SPECT
Bremsstrahlung imaging of *°Y is still challenging*** and
86Y rarely accessible. Regarding pre-therapeutic dosimetry,
PET imaging with ®Ga-peptides could offer interesting pos-
sibilities in terms of spatial resolution.

An important restriction in personalized image-based
dosimetry is the limited spatial resolution of SPECT and PET
imaging. Even though absorbed doses can be calculated at
the voxel level, these cannot be trusted for single voxels and
small lesions of a few voxels in size because of partial volume
effects. However, when taken together as volumes of interest
(VOIs), they provide additional reliable qualitative and quan-
titative interpretation of the VOI they form beyond the stan-
dard single average values.
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Finally, there is evidence that radiopeptides localize to
smaller anatomical units than the delineation between cor-
tex and medulla. De Jong et al.*® found that activity was
not distributed homogeneously but formed a striped pattern,
with most of the radioactivity centered in the inner corti-
cal zone. Clearly, better dosimetry would take into account
such localization.*’ Just as clearly, patient imaging currently
available such as SPECT or PET is unable to distinguish up-
take at such small scales. With the greatest part of the ra-
dioactivity in the inner cortical zone, PRRT using radionu-
clides emitting particles with short ranges, such as Auger
electron emitters and low-energy B-emitters would minimize
the dose to the sensitive glomeruli in the outer renal cortex.
This could explain why less renal toxicity was observed with
n and '""Lu compared to *°Y.# Nevertheless, both radionu-
clides '"Lu and °Y are of interest for PRRT. Indeed, the
lower tissue penetration range of '7’Lu may be better suited
to treat small lesions while the cross-fire effect of Y may
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produce higher radiation burden to large and poorly vascular-
ized tumors. Cocktails of '"’Lu- and **Y-peptides, either si-
multaneously or in distinct cycles, are thus appealing to treat
different-sized lesions and limit renal toxicity. There is pre-
clinical evidence that this could improve efficacy at a tolerable
toxicity.*® Although not currently implemented, the method-
ology developed in this work can be easily adapted to a com-
bined '""Lu/*’Y approach. In this case, since the absorbed
dose from '"’Lu is delivered at lower dose rate compared to
Y, computing the BED is essential.

V. CONCLUSIONS

While PRRT is often administered with fixed amounts
of activity per cycle, individualized dosimetry of kidneys
could prevent overdosing that may cause renal toxicity and,
conversely, avoid unnecessary underdosing that may reduce
treatment efficacy. This work proposed a feasible clinical
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approach to perform real-time, image-based, and patient-
specific dosimetry in PRRT. We showed that, based on quan-
titative ' In-SPECT, absorbed dose and BED could be evalu-
ated separately in the renal cortex and medulla using 3D-RD.
A treatment planning methodology was developed to maxi-
mize the administered activity, including the use of optimal
fractionation, while limiting the absorbed dose or the BED
to the renal cortex. Based on our work, this fixed BED-based
approach is the method of choice to tailor treatment protocols
by providing realistic activities to administer and numbers of
cycles. While fractionating the total administered activity in
several therapy cycles is important to allow radiation damage
repair and reduce renal toxicity, the therapeutic outcome of
hyperfractionated PRRT has not yet been evaluated. In this
context, the time interval between cycles may be an interest-
ing parameter to consider and optimize to counteract tumor
cell repopulation. Nonetheless, in many cases, our approach
would result in higher cumulative activities to be safely ad-
ministered to patients, thus potentially improving treatment
efficacy thanks to the reduced ability of tumor cells to repair.
As a future endpoint, the potential benefit of administering
individualized “cocktails” of *°Y- and !""Lu-peptides in sev-
eral cycles should be investigated using such a state-of-the-art
treatment planning methodology.
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