4-Step Renal Dosimetry Dependent on Cortex Geometry
Applied to °°Y Peptide Receptor Radiotherapy: Evaluation
Using a Fillable Kidney Phantom Imaged by *°Y PET
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Accurate dosimetry in 20Y peptide receptor radionuclide ther-
apy (PRRT) helps to optimize the injected activity, to prevent
kidney or red marrow toxicity, while giving the highest absorbed
dose to tumors. The aim of this study was to evaluate whether
direct °0Y bismuth germanate or lutetium yttrium orthosilicate
time-of-flight PET was accurate enough to provide dosimetry
estimates suitable to °°Y PRRT. Method: To overcome the stat-
istical uncertainty arising from the low °°Y positron counting
rate, the computation of the cortex mean-absorbed dose was
divided into 4 steps: delineation of the cortex volume of interest
(VOIl) on the CT scan, determination of the recovery coeffi-
cient from the cortex VOI using the point-spread function
of the whole imaging process, determination of the mean
cortex-absorbed dose per unit cumulated activity in the cortex
(Scortex < cortex Value) from the cortex VOI using a °°Y voxel S
value kernel, and determination of the number of decays in the
cortex VOI from the PET reconstruction. Our 4-step method
was evaluated using an anthropomorphic abdominal phantom
containing a fillable kidney phantom based on the MIRD kidney
model. Vertebrae with an attenuation similar to that of bone
were also modeled. Two tumors were modeled by 7-mL hollow
acrylic spheres and the spleen by a plastic bag. Activities cor-
responded to typical tissue uptake in a first ®°°Y-DOTATOC
cycle of 4.4 GBq, considered as free of significant renal toxicity.
Eight successive 45-min scans were acquired on both systems.
Results: Both PET systems were successful in determining
absorbed dose to modeled tumors but failed to provide accurate
red marrow dosimetry. Renal cortex dosimetry was reproducible
for both PET systems, with an accuracy of 3% for the bismuth
germanate system but only 18% for the lutetium yttrium orthosi-
licate time-of-flight system, which was hindered by the natural
radioactivity of the crystal, especially in the most attenuated area
of the kidney. Conclusion: This study supports the use of direct
Y PET of the first PRRT cycle to assess the kidney-absorbed
dose and optimize the injected activity of the following cycles.
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Peptide receptor radionuclide therapy (PRRT) with *°Y
is widely used for internal radiotherapy of neuroendocrine
tumors (7). °°Y has along 3~ range that, although suboptimal
for small tumors, irradiates rather uniformly larger tumors
that often display heterogeneous perfusion. This irradiation
ability was confirmed in an animal model, in which a combi-
nation of °°Y- and !7’Lu-labeled somatostatin analog showed
a better tumor response than either radioisotope alone (2).
Used alone, °°Y PRRT is frequently administrated in several
cycles. The dose fractionation has proven less toxic for the
kidney (3) because it allows DNA repair in normal tissues
between cycles, without a noticeable reduction of the tumor
response (4).

Assessment of the absorbed doses in the target and critical
tissues is also needed to optimize the activity to inject (5-9).
Until recently, investigators focused on the major emission
of %Y (i.e., B-rays) that was imaged with SPECT using the
bremsstrahlung x-rays, the energy spectrum of which is con-
tinuous. Despite recent correction methods (10), °°Y SPECT
still suffers from a relatively poor spatial resolution and
inaccurate quantification. 87Y (93%, 485 keV; 100%, 389
keV) was theoretically investigated for SPECT (//) but
rarely used because of the potential toxicity of its daughter
element, 87mSr. 36Y PET was developed during the last dec-
ade, providing probative results in dosimetry assessment
(3,4) and the same dose-toxicity response for the kidney as
that provided by external-beam radiotherapy (/2). However,
radiopharmaceutical-grade 3°Y is not commercially available
and requires a 16-MeV cyclotron for its production. Further-
more, its high abundance of prompt single y-rays involves
sophisticated correction methods for accurate quantification
(13). As a result, these methods cannot be widely used in
clinical practice.

An '"In-labeled similar peptide can be used as a surrogate
of 2°Y PRRT to assess the biodistribution before therapy.
]n emits 2 single y-rays (173 and 247 keV) that can easily
be imaged with an Anger camera; accurate quantification,
however, remains cumbersome because attenuation and
Compton scatter have to be taken into account in planar
and SPECT images. Besides these physical limitations, label-
ing with ''!In instead of °°Y is known to induce structural

1969



changes in somatostatin analogs that affect the receptor-
binding affinity and lead to significantly different biodistri-
butions (/4). The radiometal itself may also alter the
pharmacokinetics, especially when the compound is metab-
olized. However, most of the kidney uptake is not somato-
statin receptor—dependent, and, for example, ! 'In-DOTATOC
has proven useful—although not with perfect accuracy—at pre-
dicting the kidney toxicity in “°Y-DOTATOC therapy (12,15).

Nevertheless, a dosimetry based on a more accurate °Y
imaging acquisition, such as with PET, at the time of the
first °°Y PRRT cycle could have several benefits over '!'!In
SPECT. The benefits of *°Y might include no need for extra
amino acid infusion if '"'In SPECT is performed prether-
apeutically or, alternatively, no °°Y bremsstrahlung contam-
ination using '''In SPECT if performed simultaneously with
the first °°Y cycle; better prediction of tumor response, the
uptake being receptor-dependent; improved dosimetry esti-
mates because of the better spatial resolution and scatter
correction obtained with PET than with SPECT studies;
and no added radiation burden to the staff for !'!In studies.

Recently, despite the low positron branch of °Y (3.2-107)
(16,17), dosimetry in liver selective internal radiotherapy
(SIRT) by direct °°Y time-of-flight (TOF) PET has proven
feasible (/8-20). The goal of the present study was to
assess whether direct °°Y PET of a first °°Y PRRT cycle
could also provide accurate dosimetry to optimize the in-
jected activity of the following cycles. For this purpose, an
anthropomorphic abdominal phantom was built, and images
were acquired on a high-end lutetium yttrium orthosilicate
(LYSO) TOF PET scanner and on a conventional bismuth
germanate (BGO) scanner.

MATERIALS AND METHODS

Anthropomorphic Abdominal Phantom

The phantom consisted of an abdomen-shaped acrylic container
filled with water (Fig. 1). Figure 2 shows the hand-made acrylic
realization of the computational MIRD kidney phantom (27).
Three vertebrae containing red marrow (RM) were also modeled.
Two tumors were modeled by 7-mL hollow acrylic spheres and the
spleen by a 250-mL plastic bag. Activities corresponded to a
typical clinical situation (Supplemental Appendix A; supplemen-
tal materials are available online only at http://jnm.snmjournals.
org).

Acquisition and Reconstruction

Eight scans (45-min acquisitions) in 3-dimensional mode were
obtained on the Philips Gemini TF (LYSO) and Siemens Exact
HR+ (BGO). Iterative reconstructions, with attenuation and scat-
ter correction, were performed on each system (Supplemental
Appendix B).

Renal Dosimetry Dependent on Cortex Geometry

A renal cortex volume of interest (VOI) was drawn by threshold
on the CT scan slices, the threshold level being tuned to get the
actual cortex volume of the phantom. A stylized number of decay
(NDec) distributions, uniform inside the cortex VOI and null
outside, was built to correspond to 1 M decays in the entire cortex
VOI (Fig. 3). As previously validated for liver SIRT (20), a
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FIGURE 1. Upper oblique view of abdominal phantom before fill-
ing. (A) 250-mL plastic bag modeling spleen. (B) Phantom based on
MIRD model of kidney (27). (C-E) 12-mL plastic bottle modeling RM
in vertebra. (F) Acrylic cylinder containing vertebrae surrounded by
K>HPO, solution modeling bone attenuation. (G and H) Hollow 7-mL
acrylic sphere modeling tumors. Transverse maximal section of
phantom is 30 x 23 cm, and axial length is 22 cm.

regional dosimetry was calculated by convolution of this stylized
NDec distribution with a ?°Y voxel S value kernel. The single
kidney mean cortex-absorbed dose per unit cumulated activity in
the cortex (Scortex < cortex Value) was measured as the mean value of
this regional dosimetry inside the cortex VOI. Finally, the cortex
mean-absorbed dose (MAD) was this measured S.orex < cortex
value multiplied by the NDec derived from the total cortex activ-
ity, A(t), measured on the reconstructed distribution activity:

+ o0
A(t)dt.
0

NDec = J Eq. 1

FIGURE 2. Nine central 2-mm-thick acrylic coronal slices consti-
tuting MIRD fillable kidney phantom model (27). Renal cortex is
modeled by empty spaces (A) to be filled with activity; medullary
pyramids (B) and renal pelvis (C) are devoid of activity.
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FIGURE 3. Schematic diagram of MAD computation. After cor-
tex VOI was drawn, a synthetic NDec distribution (SNODD) corre-
sponding to 1 MBq-s decays in cortex was built and convolved
with PET PSF to obtain cortex RC. Scortexcortex Value is mean
value of cortex VOI applied on convolution of SNODD by °°Y voxel
S value. Product of these 2 quantities multiplied by NDec in cortex
VOI provided by Equation 1 gives cortex MAD. Blue arrows
emphasize that summation or averaging is limited to cortex VOI.
VSV = voxel S value.

In our phantom model without biologic washout, Equation 1
gives:

NDec = A(0) x (64.2 x 3,600/In(2)), Eq. 2
where A(0) is expressed in becquerels, and 64.2 is the physical
half-life of °°Y in hours. The obtained MAD was further corrected
using a spatial resolution recovery coefficient (RC) (20). The
actual MAD was the S¢oex —cortex Value (given in MIRD pamphlet
no. 19 (21)) rescaled for the cortex VOI multiplied by the NDec
corresponding to twice the actual cortex activity (because the
MIRD formalism provides the S value for both kidneys).

Cortex RC

A second cortex distribution was derived by convolving the
stylized NDec distribution with the point-spread function (PSF) of
the whole tomographic process. The RC was measured as the ratio
of the total NDecs in the cortex VOI of the raw and of the
convoluted stylized NDec distribution (Fig. 3). The PSF was
approximated using a gaussian function, with a full width at half
maximum (FWHM) that was measured on a similarly recon-
structed ?*Na (2 MBq) point source (1-min acquisition in air),
providing 2.5-M counts.

Tumors and RM Dosimetry
Tumors and RM dosimetry were computed using previously
validated simple standard methods (Supplemental Appendix C).
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FIGURE 4. Coronal slices of kidney based on the MIRD fillable
kidney phantom model (27), obtained by averaging reconstructions
of eight 45-min acquisitions for Gemini TF (TF) and Exact HR+
(HR+) systems. (A) Renal cortex. (B) Medullar pyramids. (C) Renal
pelvis. There is lack of reconstructed activity on kidney (left side
facing spine) for Gemini TF reconstruction.

HR+

RESULTS

The full width at half maximum was 9.0 mm for the
Exact HR+ and 9.4 mm for the Gemini TF reconstruction,
giving cortex RC values of 1.53 and 1.60, respectively. The
measured volume of the phantom cortex was 107 mL.
Compared with the expected 100.75 mL reported in MIRD
pamphlet no. 19 (27), this measured volume corresponds to
an average error of about 0.6 mm on the cutting edges. The
experimentally derived single-kidney Scorex«cortex Value,
expressed in mGy-MBq ! -s7!, was 2 X 5.66-107%
representing a relative deviation of —4% from the value
obtained from MIRD pamphlet no. 19 (21) after rescaling
to 107 mL (2 x 5.91-10~%). This rescaled S value multi-
plied by the NDec obtained using Equation 2 gave an actual
cortex MAD of 13.80 Gy. Figure 4 shows CT and PET
partial coronal slices of each compartment; Figure 5
shows a maximum-intensity-projection (MIP) view of the
phantom. Table 1 shows the renal cortex MADs and Table 2
the MADs for the tumors and RM derived from the differ-
ent reconstructions. As a result of the lower sensitivity of

TF

FIGURE 5. Maximum-inten-
sity-projection views of ab-
dominal phantom obtained
by averaging reconstructions
of eight 45-min acquisitions
for Gemini TF (TF) and Exact
HR+ (HR+) systems. Horizon-
tal lines represent limits of
axial field of view. Only central
vertebra is visible in Gemini TF
reconstruction.
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TABLE 1
Cortex MAD for Eight 45-Minute Acquisitions

LYSO Gemini TF

BGO Exact HR+

Acquisition no. MAD (Gy) Relative deviation (%) MAD (Gy) Relative deviation (%)
1 11.47 —16.91 12.65 —8.31
2 11.09 —19.67 13.52 —2.04
3 11.70 —15.26 13.59 —1.52
4 11.71 -15.16 13.29 -3.69
5 11.67 -15.47 13.98 1.26
6 11.66 -15.51 13.24 —4.10
7 10.74 —22.21 13.67 —0.95
8 10.53 —23.74 13.30 -3.62
Average * SD 11.32 = 0.47 -17.99 13.41 = 0.39 —2.87

Relative deviation is computed vs. value obtained using MIRD pamphlet no. 19 (27), rescaled by cortex volume ratio (i.e., true = 13.80

Gy).

the 3-dimensional-mode acquisition in these regions (data
not shown), large statistical uncertainty affected the MAD
found for the 2 external vertebrae.

DISCUSSION

The following are the 4 major steps of the renal
dosimetry method proposed (Fig. 3):

1. Delineate the cortex VOI on the CT scan, and generate a
stylized NDec distribution.

2. Determine the cortex RC by convolving the stylized
NDec distribution with the final PSF of the PET system.

3. Compute the single-kidney Scorex < cortex Value by aver-
aging the regional dosimetry obtained after convolving
the stylized NDec distribution with a °°Y voxel S value
kernel.

4. Assess the total reconstructed activity in the cortex VOI.

The proposed method takes into account the 2 major
effects induced by individual patient variations in cortex
geometry as determined from step 1: the loss in recon-
structed counts due to the finite spatial resolution of the
imaging system (step 2) and the loss in energy deposit due to
the 3~ range of the radioisotope (step 3). The method was
especially designed to overcome the usual amplification of
the statistical uncertainty by the spatial resolution-recovery

process (Supplemental Appendix D). The proposed method
allows the nonuniform uptake of the renal cortex in *°Y
PRRT, as observed in humans by ex vivo autoradiography
(22), to be taken into account. This could be achieved by
building the stylized NDec distribution according to the
model of 3-dimensional activity distribution in the renal cor-
tex developed by Konijnenberg et al. (23).

The Scorex —cortex Value obtained here agreed well with
the value reported in MIRD pamphlet no. 19 (27). To our
knowledge, ours is the first study to validate the possibility
of using experimental data (i.e., the CT cortex VOI) to
retrieve the pure computational value obtained by Monte
Carlo from geometric equations.

Cortex MADs obtained with the conventional BGO
system (Exact HR+) were more accurate than those
obtained with the state-of-the-art LYSO TOF system (Gem-
ini TF), contradicting the results of our phantom study with
90Y SIRT, which compared different PET systems (van
Elmbt et al., unpublished data, 2010). We hypothesize that
in liver SIRT, the BGO system, with its larger time coinci-
dence window and its longer crystal afterglow, strongly
suffered from the high activity present in the field of view
(1.5 GBq in the whole liver), providing a high random
coincidence rate. The specific activity of the tumors mod-
eled in the liver SIRT phantom was about 10 times higher
than the renal cortex activity modeled here. As a result, in
the present low-counting-rate study, each LYSO crystal

TABLE 2
Average = SD of MAD for Tumors (T1, T2) and Central Vertebra (V2) Obtained from Eight 45-Minute Acquisitions
Gemini TF Exact HR+
Compartment True MAD (Gy) MAD (Gy) Relative deviation* (%) MAD (Gy) Relative deviation* (%)
T1< h> 157.3 166.8 = 21.0 6.0 146.1 = 8.9 =71
T2 < h> 69.2 71.6 = 11.9 3.4 62.8 £ 8.9 -9.2
V2 < h> 2.0 0.7 = 0.3 —-64.0 1.2 0.2 —40.0

*Relative deviation with true absorbed dose.
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became affected by a lower ratio of the counts coming from
the phantom than from the natural radioactivity of the crys-
tal (i.e., contaminant '7°Lu). The lower renal cortex activity
modeled in our study is clearly visible on the coronal cortex
slice (Fig. 4), on which the activity in the region facing the
spine, undergoing the maximal attenuation, is almost com-
pletely missing in the Gemini TF reconstruction.

The accuracy to determine the renal cortex—absorbed
dose with the BGO PET system was excellent (mean error,
3%). Despite the low positron branching of °Y, it was
shown that the sensitivities of *°Y PET and bremsstrahlung
SPECT were similar (24). The small SD of renal-absorbed
dose estimates showed that the statistics are adequate
(Table 1). Nevertheless, it is anticipated that such a result
may not be achieved in clinical applications. The additional
limitations inherent to studies in humans are the difficulty
in exactly delineating the renal cortex, even with intrave-
nous iodinated contrast; possible patient motion between
the PET and CT acquisitions, resulting in misalignment of
the cortex VOI on the PET image; need to assess the bio-
logic washout from a limited number of time points; and
reduction in counting rate from the late-time-point acquis-
ition due to biologic washout and physical decay. Com-
pared with our phantom comprising a single kidney, the
additional noise resulting from the lower statistics can be
reduced by averaging the MAD of both kidneys, at least in
patients having a symmetric kidney function. The align-
ment of the CT-determined renal cortex VOI on the PET
scan should be especially critical on conventional PET
scanners—that is, those without a CT component. In this
case, the acquisition of an additional 5-min scan just after
injection of approximately 30 MBq of '8F-FDG, without
moving the patient and table, may be advisable. The acquis-
ition of a scan just after injection will provide a good-quality
image of the kidneys to compute the alignment parameters,
using a 2-step procedure.

As expected, both systems obtained a good result for the
tumors with a higher specific activity. Neither PET system
was able to get accurate results for the RM.

CONCLUSION

The accurate estimation of the MADs of the renal cortex
and tumors obtained from °°Y PET in the anthropomorphic
phantom supports the feasibility of direct tumor and renal
dosimetry in °°Y PRRT by direct °°Y PET after the first
PRRT cycle. This possibility is especially true when crys-
tals that do not contain natural radioactive material, such as
BGO or gadolinium silicate (GSO), are used.
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