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Abstract

Background The development of targeted radionuclide therapy requires the development of
dosimetry software accounting for patient-specific biokinetics. New functionalities were thus
developed in the OEDIPE software, to deal with multiple 3D images or multiple planar images
and a SPECT image. Materiel & Method Methods were implemented to recover patient
biokinetics in volumes of interest. If several 3D SPECT images are available, they are registered
to a reference CT scan. When several planar images and a single SPECT are available, the
planar images are registered to the SPECT and counts of the planar images converted to
activity. To validate these developments, six SPECT/CT and planar images of a Jaszczak
phantom containing I-131 were acquired at different dates. Cumulated activity was estimated
in each sphere using the SPECT/CT images only or the planar series associated to one
SPECT/CT. Biokinetic and doses in lesions and in the lungs of a patient treated with 1-131 for
differentiated thyroid cancer were then estimated using four planar images and a SPECT/CT
scan. Whole-body retention data were used to compare the biokinetics obtained from the
planar and SPECT data. Results Activities and cumulated activities estimated using OEDIPE in
the phantom spheres agreed well with the reference values for both approaches. Results
obtained for the patient compared well with those derived from whole-body retention data.
Conclusion The implemented features allow automatic evaluation of patient-specific
biokinetics from different series of patient images, enabling patient-specific dosimetry

without the need for external software to estimate the cumulated activities in different VOls.

Keywords: radiopharmaceutical therapy (RPT); patient-specific biokinetics; internal
dosimetry; multimodal imaging; lesion dosimetry
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1. Introduction

Targeted radionuclide therapy (TRT) has demonstrated its clinical efficacy in treating
malignant or begin thyroid disease with iodine-131 (I-131) [1-3]. In addition to I-131, Y-90
microspheres are increasingly used for the treatment of liver cancers, as well as Lu-177
coupled with different tumour-specific vectors [4]. The clinical application of TRT with I-131 is
commonly based on the administration of a fixed activity, regardless of the patient-specific
biokinetics of the radiopharmaceutical, which could lead to an underdose preventing tumor
control, or an overdose that may induce toxicity to the organs at risk [5]. However, as recalled
in [6], the European Council Directive 2013/59 requires that therapeutic exposure, including
nuclear medicine treatment, shall be individually planned, even though improvement of the

treatment efficacy have not been proven with the existing models yet [7].

Obtaining the patient-specific biokinetics requires the measurement of the activity present in
tissues at several time points after the radiopharmaceutical administration. For that purpose,
volumes of interest (VOIs) are analyzed on Nuclear Medicine (NM) images. These images can
be series of positron emission tomography (PET) or single-photon emission tomography
(SPECT) 3D images, series of 2D images from planar scintigraphy [8], or a series of planar
images associated with a single SPECT/CT [9, 10], the so-called hybrid approach. Because the
acquisition time of a planar image is much shorter than that of PET or SPECT images, a series
of planar images may be obtained more easily in clinical practice than a series of 3D images.
However, fixations from different lesions and/or tissues may result in overlapping source
regions on the planar image, which makes activity quantification difficult and can lead to
additional sources of uncertainty in absorbed dose estimates [11]. In the hybrid approach that

combines a series of planar images with a 3D image, activity quantification is based on the 3D
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image and is hence expected to be better than when solely based on planar images, because
attenuation correction, scatter correction and detector response are more precisely
determined. Biokinetics is still based on planar images. Thus, overlapping source regions
remains an issue and it may be challenging to define a one-to-one correspondence between
2D regions and 3D contours from the 3D image. Fully 3D dosimetry appears to be the method
of choice in terms of activity and biokinetic quantification but it remains difficult to acquire
series of 3D images in clinical practice [12, 13]. Regardless of the method used for the
obtention of time-activity data-points, numerical and/or analytical time integration of image-
based time activity curves (TACs) is performed to derive the cumulated activity in tissues that

are used for the computation of the tissue absorbed doses.

Different approaches can be adopted to convert the cumulated activities into absorbed doses.
The first one, which disregards patient-specific anatomy, consists in applying pre-calculated S
factors, obtained from reference computational models [14]. The second approach consists in
using the convolution of dose voxel kernels (DVK), [15, 16]. DVK methods account for the
patient-specific anatomy and for the activity heterogeneity with a calculation time that
remains reasonable [17]. However, the DVK methods do not enable modeling the density
heterogeneity within VOIs [18] and DVK must be pre-calculated using Monte Carlo radiation
transport code [19]. The third approach consists in using Monte Carlo calculation, taking into
account the patient-specificanatomy [20, 21]. Considering the patient specific anatomy, tissue
heterogeneity and activity distribution can result in relatively time-consuming Monte Carlo

calculations compared with the two aforementioned methods.

Many in-house or commercial software have been developed to enable treatment planningin

nuclear medicine [12, 22, 23]. Some of them, such as STRATOS (Philips Technologie, Aachen,
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Germany) [24] or PLANET® Onco Dose (DOSlsoft, Cachan, France) [25] allow combined analysis

of 3D and 2D images.

Some examples of dosimetry studies taking advantage of the hybrid approach have been
reported recently. In [26], Lu-PSMA-617 time-activity curves were obtained from 2D and 3D
SPECT images using the QDOSE software, but dosimetry was performed with IDAC-Dose2.1.
This software enables calculation of organ absorbed doses from cumulated activities based on
organ S values pre-calculated on reference voxel phantoms [27]. In [28], pre-therapeutic
imaging with In-111 was performed for patients treated with Y-90 ibritumomab tiuxetan ; 2D
and 3D SPECT images were acquired and quantified and then doses calculated with MIRDose
3.0. Similarly, in [29], hybrid images were quantified and then doses calculated with pre-
calculated S-factors in order to asses bone marrow doses following 177Lu-DOTATATE therapy.
Finally, Kupitz and colleagues [30] have used the dosimetry toolkit from GE Healthcare to
acquire, register and quantify hybrid images following Lu-177-DOTATATE therapy, doses were

then calculated with OLINDA/EXM, which uses reference organ S values [14].

The OEDIPE software has been continuously developed at the French Institute for Radiation
Protection and Nuclear Safety (IRSN) and applied to carry out personalized 3D dosimetry in
nuclear medicine using Monte Carlo simulation [31, 32]. Developments had been initiated in
OEDIPE to derive biokinetics from SPECT/CT and PET/CT images [33]. However, series of 3D
images are not always available in the clinical practice, whereas it is more feasible to acquire
planar images at several time-points. Therefore, new functionalities have been implemented
to handle a hybrid approach that uses a series of planar images in association with a SPECT/CT

image.
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The implementation of the features enabling registration, quantification and derivation of TAC
from multiple 3D or hybrid image data is presented. These developments were validated using
measurements carried out with a Jaszczak phantom filled with 1-131 (Cylindrical Jaszczak
phantom, Data Spectrum, Durham, NC, USA). The hybrid dosimetry approach is then applied
to the case of a thyroid metastatic patient treated with 1-131. The biokinetics of 1-131 in the
lungs and metastases, obtained from the hybrid-approach, are compared and validated with
external dose rate measurements. Because lesions are generally characterized by relatively
small volumes [34] and because their dose assessment remains still challenging [35], we

address the issue of small volumes in the phantom experiment and patient case.

2. MATERIAL AND METHODS

After a brief description of the previous version of OEDIPE software, the new functionalities

will be described, as well as the methods used for the validation of the developments.

2.1. OEDIPE software

Patient's anatomical data can be imported in OEDIPE as CT or MRI images. VOlIs are defined
by threshold-based segmentation on image values. VOIs can also be directly imported as
DICOM RT-structure file, generated from contours delineated using external software such as
PLANET® Onco Dose (DOSlsoft, Cachan, France). A voxelized phantom of the patient is
subsequently generated and the user defines the composition and densities of VOls.
Functional images are imported as SPECT or PET images associated with a CT exam. The
cumulated activity in the voxel phantom can be distributed either homogeneously within
selected VOIs or heterogeneously through the phantom according to the quantitative
emission data available in input. In this case, each voxel is assigned a fraction of the cumulated
activity derived from a single functional image. The source spatial distribution can be

associated to one of the 246 radionuclides available, with emission spectra taken from ICRP
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publication 38 [36]. Hence, the patient’s treatment with a radiopharmaceutical can be fully
modelled using OEDIPE (anatomy, material, density, cumulated activity distribution of the
radionuclide). OEDIPE subsequently enables automatic transcription of this model into an
input file for MCNPX Monte-Carlo code [37]. MCNPX may directly compute mean absorbed
doses or a dose-rate map used in OEDIPE to provide mean absorbed doses, biological effective
doses, iso-dose maps and dose-volumes histograms for the selected VOlIs. Figure 1 shows the

flow of input and output data involved in the OEDIPE environment.

2.2. New features: patient-specific biokinetics from multiple functional

images

As different types of NM images may be available in clinical practice, two processes of image
analysis were implemented to retrieve activity from either the fully 3D and/or the hybrid
approach. In addition, a biokinetic module was implemented to calculate the cumulated

activity in VOIs based on the output of both image analysis processes.

2.2.1. Analysis process for multiple 3D NM images

It is first necessary to register 3D functional images to a reference anatomical image before
retrieving activities in VOIs. The reference anatomical image, called thereafter CTrererence is

used to generate the voxel phantom.

Registration is rigid and performed manually on a specific graphical interface. It is possible to
either register the 3D NM images directly to the reference CT (SPECT-CTrererence registration).
Because NM images are usually already registered to a CT scan, it is also possible to register
this CT image to the CTrererence (CT-CTrererence registration), embarking the NM image in the
process. Whatever the choice, the functional images are resampled to the resolution of the

reference image. This registration interface was already available [32] but was limited to
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register a single image only. Currently, this interface is subsequently called for every 3D NM

image that needs to be registered for the present implementations.

After registration, in each emission image, the sum of counts in each selected VOlIs is
computed. To convert these counts into activity, the same calibration factor can be applied to
all 3D NM images or an image-specific one can be assigned to each image. The second option
is particularly useful to correct images for dead-time effect or when images have not been
acquired with the same camera [38] and/or different acquisition/reconstruction parameters
were used. Conversion of counts into activity considered the quantitative SPECT data decay
corrected at the time of the radiopharmaceutical administration. Once the processing of the
3D NM images is completed, the time and activity data for each VOI are transferred to the
biokinetic module (see 2.2.3).

2.2.2. Analysis process for multiple planar-single SPECT images (hybrid)

In the hybrid approach, the SPECT/CT must be first processed as described above. Then, planar
images can be imported, registered and quantified.

Manual registration can be carried out either onto the 2D projections of the VOIs using
anterior or posterior views (VOlsprosection in Figure 1), or onto the 2D projections of the SPECT
image (SPECTprosecrion, Figure 1 and Figure 2). This option enables visualization of the
superimposition of counts distributions: regions of high fixation present in both images are
helpful markers for precise registration. As for 3D image registration, 2D images are resampled

to the resolution of the reference image.

After registration, sum of counts in registered planar images are extracted in each VOI, using
the anterior and posterior views, and their geometric mean is calculated. The geometric mean

is converted to activities in each VOI using a 2D/3D conversion factor (fZD/3D)V01' This factor
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is calculated from the SPECT activities and the count number of the planar image, which was

acquired just before or after the SPECT image:

AvoI—SD
_ At
(f 2D/30)v01 Cvor-2p(tspect)

Equation 1
Where,

Cvoi—2p(tspecr) is the geometric mean of counts in the planar image acquired at t = tspect

and associated to a given VOI,
At is the acquisition duration of the planar image (s),
Ayor-3p is the VOI activity determined from the SPECT (MBq).

Conversion of the geometric mean of counts from planar images into activity at successive

time points is obtained as follows:

Cvor-2p(t)

Ayos(t) = Y -(fzn/sn)m,

Equation 2

Where At’ is the acquisition duration of the planar image (s)

Once the activity in the considered VOlIs is computed for each acquired image time point, time
activity data are transferred to the biokinetic module and managed as described in the next

paragraph.

2.2.3. Biokinetic module

The purpose of this module is to estimate the cumulated activity in each VOI from the time-

activity data. In order to account for a possible partial volume effect [39], a recovery
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coefficient, Rvo, can be applied for each VOI. The corrected activities [Ayo (t)]g are then
calculated as:

Ayor(t)

[Avor(®]r = Ryo;

Equation 3

The cumulated activity is calculated at the VOI level and it consists in integrating the time-
activity curve (TAC) from the time of administration to complete elimination. The TAC is

divided into three intervals:

(i) the pre-maximum interval: period from the administration time to the time when

the activity in the VOI is maximal,

(ii) the central interval: from the end of the previous interval to the time of the last

acquired image,
(iii) the final interval: from the acquisition time of the last image time to infinity.

The shape of the TAC during the pre-maximum interval depends on the selected initial
conditions. If the activity at the time of administration is assumed to be null, the TAC s a line
that passes through the origin and the highest point. Otherwise, the function chosen for the

central interval is extrapolated back to the injection time (t=0).

For the central interval the shape of the TAC can be mono-exponential, bi-exponential, or a
piecewise linear function. The parameters of the exponential functions are computed by a

non-linear least squares regression.

The TAC on the final interval is calculated as the extrapolation of the TAC determined on the
central interval. Figure S.1 (Supplementary Material) shows the biokinetic module: among
other parameters, cumulated activity, relative cumulated activity and the chi-square are
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displayed. In addition to the chi-square value as an indication of the goodness-of-fit, the
effective half-life is provided, which enables the user to verify whether its value is smaller than
the physical half-life of the radionuclide. The resulting cumulated activities may be distributed

according to a 3D image, in proportion of the counts in the image voxels.

2.3. Validation of the developments with phantom data

2.3.1. Phantom data acquisition

Images of a Jaszczak phantom were used to validate the new functionalities (Cylindrical
Jaszczak phantom, Data Spectrum, Durham, NC, USA). Each sphere of the Jaszczak phantom
(0.5 ml to 16 ml) was filled with a 9.36 MBg/mL solution of 1-131. The total activity in the
phantom was hence 294.7 MBq. The phantom contained no background so that the validation
results could be interpreted with a minimum of artefacts. Six SPECT/CT images were acquired
with a GE Discovery NM/CT 670 gamma camera at 4, 7, 11, 14, 18 and 22 days post-injection
(see Figure S.2 in Supplemental Material). After each SPECT/CT acquisition, a planar image

was acquired with the phantom in the same position.

The SPECT acquisition was performed using the parameters summarized in Table 1. SPECT
reconstructions were carried out using Xeleris 3.1 software (GE) using OSEM (the Ordered
Subset Expectation Maximization) that included CT-based attenuation correction and dual
energy window scatter correction, with 2 iterations, 10 subsets, and a Butterworth filter of

0.48 and a cutoff of 10.

The acquired images were used to validate the implementation of the methods developed for
TAC derivation: the multi-SPECT approach using SPECT/CT images only (2.2.1) and the hybrid

approach (2.2.2), respectively.
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Table 1. Acquisition parameters of the SPECT images.

Collimator HEGP
Photopeak window 364 keV £ 10%
Scatter window 297 keV + 10%
SPECT movement Body contour
Matrix 128x128
Projections 2x30 projections
Time per projection 25s

2.3.2. Multi-SPECT approach

A voxel phantom of the Jaszczak phantom was created after delineation of the spheres (VOIs)
and of the outside contour on the CT of the first SPECT image. Delineation was carried out
with PLANET® Onco Dose (PDOSE) software from DOSIsoft (Cachan, France). As described in
2.2.1, a CT-CTrererence registration was carried out. The calibration factor was obtained using
the same phantom, acquisition and reconstruction parameters as described in 2.3.1., and was
used as an input parameter in OEDIPE (25.5 counts.s-1.MBg-1). Recovery factors, as a function
the object size, were obtained from the Jaszczak experiment and entered in the software to
correct for the partial volume effects and improve the quantitative accuracy of the dosimetry
workflow (see Table S.1 in Supplementary Material). A mono-exponential model was used to

fit the time-activity curve (TAC) for each VOI, and to estimate cumulated activities.

The obtained time-activity values were compared with the known values derived from the
radioactive decay of I-131, characterized by a physical half-life of 8.02 days. To evaluate the
accuracy of calculated cumulated activity (Apgp;pg), the percentage difference with the

known values ( Axpown) Was computed:
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AOEDIPE - AKnown

100 — %Dif ference = 100 x (1 — )

Known

Equation 4

2.3.3. Planar-SPECT approach

Six associations of multiple planar and one single SPECT images were studied: the planar
images were associated with one of the six SPECTs to convert planar count rates to activities.
These associations are hereafter referred to as Planar + SPECT _i. The same voxelized phantom
created for the multi-SPECT approach was used. As described in 2.2.3 the projection of the
SPECT was used to register the planar images. To obtain the fop/3p factor, the activity in the
VOI (cf. Eqg. 1) was obtained using the same calibration and recovery factors as in the multi-
SPECT approach. The mono-exponential model was chosen to fit the time-activity curve (TAC)
for each VOI, and to estimate cumulated activities. Like in the multi-SPECT approach, time-
activities in each VOI were compared with the expected values as well as the cumulated

activities.
2.4. Application to a patient case

The implemented processing of hybrid images was applied to a patient case as an ancillary
study of the multicentric prospective MERAIODE study [40]. The patient suffering from a BRAF
mutated radioiodine refractory metastatic differentiated thyroid cancer, was injected with
5.74 GBq of I-131, following recombinant human TSH injections after 5 weeks of treatment
with dabrafenib and trametinib drugs to reinitiate iodine uptake. One SPECT/CT and planar
images were used to estimate the biokinetic and doses of the lungs and of six lung tumors.

For this patient, whole body dose rate measurements were also available.

2.4.1. Imaging data
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Four planar whole-body images and a SPECT/CT were acquired (Figure 3). The planar images
(256x1024 pixels), were acquired with a GE Discovery NM/CT 670 equipped with a HEGP
collimator, at 23.7, 43.5, 65.3 and 88 hours after the radioiodine administration. The SPECT/CT
scan was acquired a few minutes after the last planar imaging using the same gamma camera.
The SPECT acquisition and reconstruction parameters are the same as those used to acquire

images of the Jaszczak phantom.

VOlIs contours were outlined manually using the PDOSE software by an experienced physician
on a diagnostic CT image, acquired few days before the radioiodine treatment. The VOIs and

the corresponding contour characteristics are listed in Table 2.

Table 2: Characteristics of the volumes of interest (VOI). L: left, R: right.

Volume I-131 activity from

Vol Location (ml) quantitative SPECT/CT
(MBq)
Lungs Lungs 4 445 528.15
lesion 1 Paratracheal 1, 12.03

lymph node

Lesion 2 Lung L 0.23 15.85
Lesion 3 Lung R 1.02 18.65
Lesion 4 Lung L 0.78 19.31
Lesion 5 Lung R 1.34 22.04
Lesion 6 Lung R 0.89 32.35

2.4.2. Determination of the time-activity curves, cumulated activities and doses

From the contours delineated with PDOSE a voxel phantom with a size of 256x256x577 was
generated. A density of 1.04 g/cm?3 was assigned to soft tissues and lesions, and 0.296 g/cm3
to the lungs [41]. The quantification of the lesions and lungs activities on the SPECT/CT images
were based on the calibration factor derived from the previous Jaszczak phantom
measurements. The activities are reported in Table 2. For planarimages, dead-time correction
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factors were assessed using repeated acquisitions of a cylindrical source with a high initial
activity in 1-131 (3900 MBq), located in a large elliptical physical phantom. Repeated whole-
body scans, with the same acquisition protocol as the one used for patients, were carried out
during the radioactive decay of the source up to a remaining activity of 590 MBg. Dead-time
correction factors were estimated by adjusting a non-paralyzable model to measurement
results. The obtained values were 1.5, 1.35 and 1.15 for the three first planar images,
respectively. The SPECT anterior-posterior projection was used for the registration of planar
images. Tracheal lesion (lesion-1) was used as a registration marker for all planar images
because it was the brightest VOI in both image types. Then counts in VOIs were converted to
activities using Equation 1. A mono-exponential function was used to fit the time-activity
curves of each VOI. The correlation coefficient (R?) was calculated to assess the goodness of
fit. The homogeneous distribution option was selected to distribute the cumulated activities
and to compute mean absorbed doses. The cumulated activities were distributed in all sources
(i.e., the 6 tumors and the lungs) to compute doses using a single calculation. The number of

starting particles in MCNPX was 300 000.
2.4.3. Exploitation of whole-body dose rate measurements

Eight measurements of the whole-body retention were acquired using a Nal(Tl) scintillator
(Ludlum PM Model 44-2, Ludlum Measurements, Inc., Sweetwater, TX, USA) during the time
interval from the first and the last planar image acquisitions (see Figure S.3 in Supplementary
Material). This detector is installed in the ceiling space of the patient’s room above the bed.
Every acquisition is signaled beforehand by an audible alarm so that the patient returns to a
supine position on the bed. Because whole-body retention was measured after the rapid
phase of I-131 elimination, the effective half-life of the whole-body retention (T hote-body)

was determined by fitting a mono-exponential model to the 8 measurements. First, this
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effective half-life can be compared with the one obtained from the biokinetic derived from
SPECT images processing. Second, one can derive an approximation of the cumulated

activities in VOls.

For that purpose, we simply assumed a mono-exponential decrease of the activities in VOlIs
with Ty pote—pody- We considered the activity at the time of the SPECT/CT image is the one

given in Table 2 and deduced the cumulated activity:

~ _ Ayor-spect - Twhote-body
Ayor = 2

In2. e_Twhole—body

- tspEcT

Equation 5

The cumulated activities estimated by this approach were distributed homogeneously in the

different VOIs and the same dose calculation was performed as above.

3. Results

3.1. Validation with phantom data

3.1.1. Multi-SPECT approach

Figure 4 shows the TACs obtained with the multi-SPECT approach for the spheres of 8, 2 and
0.5 mL of the Jaszczak phantom. Reference curves based on the initially filled activity and
physical decay are included. Data for the three other spheres are shown in Figure S.4

(Supplementary Material).

The median error on the estimated activity, all time points considered, was less than 13% for
all spheres. The smallest relative difference between the estimated activity and the theoretical
activities were for the largest sphere of 16 mL and were ranging from 0.6% to 18%, whereas
the highest relative differences were for the smallest sphere (from -16.7% to 23.4%). The
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relative difference ranged between -10% and 20% for the other spheres. The most significant
relative differences for all spheres were obtained for the last SPECT acquisition, for which

remaining activities in the spheres were the smallest ranging from 0.6 MBq to 20 MBq.

Integrating the TACs, the cumulated activities were obtained. The comparison of known
cumulated activities and those assessed is reported as 100-Percentage% in Figure 5 (left). The

relative difference on the estimated cumulated activity was less than 9% for all spheres.

3.1.2. Planar-SPECT approach
Figure 6 shows the time-activity data obtained with the planar-SPECT approach considering
the six possible combinations (Planar + SPECT _i). Figure 6 shows the data for the spheres of 8,
2 and 0.5 mL, data for the three other spheres are given in Figure S.5 (Supplementary

material). Both figures show the theoretical TACs deduced from the initial activities.

The percent difference between the estimated activities depended on the SPECT images
selected for the calculation of the f2p/3p factor and increased as the volume of the sphere
decreased. For example, the relative difference in activities ranged from -5% to +6% for sphere
1 (16 mL), whereas it varied from -16% to +11% for sphere 5 (1 mL). The greatest errors were
obtained for the smallest sphere, i.e., from -27% to +33%. Besides, the selection of SPECT_6,
for which the activity was the lowest as compared with the previous time points, resulted in

the greatest relative differences.

The comparison of the estimated cumulated activities with the known values is reported as
100-Percentage% in Figure 5 (right). The relative difference increased with decreasing sphere
volumes, regardless of the SPECT selected for activity quantification. The relative difference
ranged between + 5% for sphere 1 (16 mL) and + 20% for sphere 5 (1 mL). For sphere 6 (0.5

mL), the relative difference varied between -37% and 45%.

Page 17 for 35



3.2. Application to a patient case

3.2.1. Determination of time-activity curves (TACs)

The time-activity data and exponential TACs obtained with the planar-SPECT approach are
shown on Figure 7 along with the R? values of the fit. The effective half-life for these curves
ranged from 46.1 h (lesion 2) to 79.4 (lesion 5), as reported in Table 3. The mono-exponential

fit of the time-activity data resulted in R? values between 0.821 (lesion 5) and 0.986 (lesion 6).

The effective half-life deduced from whole-body measurements was 65.1 hours. The
corresponding TACs are also shown in Figure 7. A relative difference of 7.2% in half-life was
observed for the lungs between the method based on whole-body retention data and the

hybrid approach. For lesions, the difference ranged from -41% (lesion 2) to 18% (lesion 5).

Across times of planar acquisition, the relative difference in lung activities between the two
methods was smaller than 13 %. For lesions, the differences ranged from 6% to 17% for lesion
1, from 30 % to 50 % for lesion 2, from -2 % to 25 % for lesions with a volume between 0.5 mL
and 1 mL (lesions 4 and 6), and from -13 % to 12% for lesions with a volume greater than 1 mL

(lesions 3 and 5).

3.2.2. Estimation of the cumulated activities and doses

The cumulated activities deduced from the planar-SPECT and WB-SPECT methods are
reported in Table 3. The cumulated activities were systematically higher for the planar-SPECT
method. For the lungs, the two methods agreed within 3%. For the lesions, the cumulated
activities were between 2.9 and 7.9 GBg.h, the relative differences between the two

assessment methods ranged from 2% (lesion 1 and 6) to 12% (lesion 2).
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The doses obtained from the cumulated activities and Monte-Carlo calculations are reported

in Table 3. For lesions, they ranged from about 400 Gy (lesion 5, WB-SPECT method) to 1 900

Gy (lesion 2, planar-SPECT method). Absorbed doses to lungs were about 10 Gy. The relative

differences in doses between the two approaches are exactly the same as for the cumulated

activities. The computational uncertainties on doses ranged between 0.4% (lesion 3 and 4)

and 6% (lesion 1).

Table 3. Effective half-life, cumulated activity and Monte Carlo based estimates of absorbed

doses obtained with the hybrid and whole-body (WB) methods.

Lesion1l Lesion2 Lesion3 Lesion4 Lesion5 Lesion6 Lungs
Effective half-live Planar-SPECT 56.4 46.1 74.9 64.4 79.4 58.3 60.7
(hrs) WB 65.1 65.1 65.1 65.1 65.1 65.1 65.1
Cumulated Planar-SPECT 2.95E3  4.32E3  4.71E3  5.06E3  5.91E3  7.92E3  1.11E5
Activity (MBg.h) WB 2.88E3  3.80E3  4.47E3  4.63E3  5.28E3  7.76E3 1.08E5
Planar-SPECT 1117 1858 475 663 453 906 10.7
Dose (Gy)
WB 1092 1635 451 606 405 838 10.4

4. Discussion

4.1. Validation of the multi-SPECT approach

Time-activity data results from different contributions. For instance, parameters and

corrections applied in the image reconstruction process, methods used for quantitative

calibration, presence of partial volume effect and method applied for its correction [42], [43].

The major source of error potentially introduced during the validation of the multi-SPECT

approach resides in the image registration. To validate the implemented functionality, the
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phantom experiment was carried out without background activity so that the only possible

bias was registration errors.

The percent errors, obtained with the multi-SPECT approach, on the determination of I-131
activity in the Jaszczak phantom spheres, can be compared with the results reported in [38],
where for a sphere of 5 cm in diameter (65 mL) the quantification bias was of the order of

16%. Here, the quantification error was less than 20% for the 4 mL sphere.

4.2. Validation of the planar-SPECT approach

We estimated relative percent difference of cumulated activities for each of the spherical
insert present in the phantom. In the phantom experiment, we found higher percent
difference values when applying the hybrid approach as compared with the multi-SPECT one.
This difference can be explained by the error introduced by the registration step on the
number of estimated counts. In the fully 3D approach, we used CT-CTrererence registration,
which minimizes the error on the estimated numbers of counts from the different 3D images
regardless of the volume of the spheres. On the contrary, in the hybrid approach, we
registered the projection of the reference SPECT to each planar image, which introduced a
much greater error on the estimated number of counts from planar images. In addition, the
conversion factor (fap/ap) is also subject to an error induced by the reference registration.
Moreover, this error increases as the volume decreases because of the poor resolution of
scintigraphic images. As a result, the estimated numbers of counts from the series of planar
images may not follow a smooth exponential decrease in the hybrid approach, especially for
small volumes, which may lead to greater errors on the estimated cumulated activity.
However, these results are consistent with those cited in MIRD no. 23 [44], where the

absorbed dose determined using a planar-SPECT method in two lesions with volumes of 5 mL
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led to relative percent differences from -10% to 56%, whereas the percent difference in the
cumulated activity obtained in the presented OEDIPE analysis varied within + 20% for the

sphere of 4 mL.

The results of the planar-SPECT approach also showed that the choice of the time of the SPECT
acquisition after injection can strongly influence the results obtained by this approach as the
volume decreases. From our results, it seems that choosing the reference SPECT in the middle
of the time interval minimizes the error on the estimated cumulated activity. It could be
explained by the fact that the reference SPECT projection used to register planar images is a
“median image” capturing well the low or high counting statistics of temporal adjacent planar
images. This hypothesis might be of more practical interest in a patient case where organs and
tissues are subject to their own biokinetics. If only one SPECT can be acquired, it might be
relevant to acquire it in the middle of the time interval of planar images, when the SPECT

potentially captures the “median” spatial distribution of activity.

It was also shown, as expected, that the error on time-activity or cumulated activity increased
with decreasing volumes. Consequently, dose uncertainties should be relatively large for the

smallest tumors.

4.3. Application to a patient case

4.3.1. Assessed tumour half-lives and doses

As recalled in [45], there is no clear consensus regarding the optimal dosage of radioiodine
therapeutic activity when treating metastatic disease ; there is only a small number of studies
reporting quantitative data on lesions biokinetics and dosimetry. Still, some studies reported
such data for patients preliminary treated with rhTSH. In [46], for patients having lung or bone
metastases, the mean effective half-life of I-131, was 29 h (range 5.6-129 h). The effective

Page 21 for 35



half-life varied from 9 to 36 hours across 7 lung tumours in [47] and from 34 to 140 hours (16
lung tumors) in [48]. In [49], the effective half-life in thyroid remnants was studied for 33
individuals subject to prior rhTSH simulation, and the half-life was 68 * 49 h, whereas in [50]
the effective half-life in thyroid remnants was 10.5 h in 36 individuals treated after rhTSH
simulation, and 15.7 h in 218 individuals treated after thyroid hormone withdrawal. The
effective half-lives estimated in the present work for the patient are thus comparable with the

data reported in the literature characterized by a wide range of values.

Only a few studies reported doses in metastases. Wierts and colleagues [51] considered 47
patients administered with 5.6 GBq of I-131, with and without rhTSH simulation, and assessed
doses to 45 metastases. The doses ranged between a few grays and a few thousand grays with
a median around 400 Gy for responding tumours. In [52] a dosimetry study was performed for
a pediatric patient suffering from extensive lung metastases. The tumor dose was found to be
64 Gy for 1.7 GBg of administered radioiodine. In [53] the dose to 56 tumors from 15 patients
were analyzed and the tumor doses ranged from 0.08 to 49 Gy/GBq. The tumor doses
assessed for our patient case ranged from 73 to 330 Gy/GBq and are thus comparable with
the literature data. In this work, small tumor volume and relatively long effective half-lives
might have resulted in relatively high tumor doses. The uncertainty on the tumor doses and
the correlation between doses and tumor response are beyond the scope of this study. Among
the multiple sources of uncertainties affecting activity assessment, the background
contribution, affecting the recovery factors, has not been considered. However, it was
estimated that the signal to background ratio (lesion activity over surrounding healthy lung
activity) was between 5 and 10 and thus should not considerably affect the activity
assessment. Still, the relatively large errors found on cumulated activities with the smallest

sphere of the phantom indicates that they could be as large as 40%.
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4.3.2. Comparison of planar-SPECT and WB-SPECT approaches
External dose rate measurements of patients suffering for differentiated thyroid cancer of
different grades was reported in [54]. The WB effective half-life ranged between 4 and 56h, it

was on average longer for patients having metastases.

The planar-SPECT and WB-SPECT approaches showed consistency of results. These results
hence indicate that, when multiple patient images are not available, external total body dose
rate measurements might be used for personalized lesion dosimetry. Using an external
detector located in the patient's room presents advantages over serial acquisitions of planar
images because it enables decreasing the radiation exposure of practitioners, improves
patient comfort and decreases gamma-camera occupancy. Therefore, it would be interesting
to investigate further this approach on several patients to be able to conclude on its reliability

and limitations.

4.4. Further remarks

4.4.1. Study limitations
The implemented method for SPECT registration to a reference CT image or planar registration
to a projected SPECT has been tested thanks to a single phantom experiment with one
radionuclide. However, the implemented algorithm is rather simple since it relies on manual
registration. Further tests in more complex situations (e.g., when background activity is
present) might give insights on the limitation of the method but would not question the

implemented feature itself.

Currently, the activity assessment in OEDIPE relies on the calibration factors provided by the

user or included in the DICOM images. No special module is devoted to their assessment.
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Similarly, OEDIPE processes images in DICOM format and thus depends on the reconstruction

parameters implemented in the imaging device. Processing of raw data is not possible.

The application to actual patient data demonstrates that the implemented features are
applicable in the clinical practice. Although the estimated effective half-lives and doses are

comparable with literature data, these results cannot be extrapolated to other patients.

4.4.2. Usefulness of Monte-Carlo calculations
To facilitate comparison with known data, we aimed first at addressing simple experimental
and clinical conditions related to radioiodine therapy. For such a short-range emitter, full

Monte-Carlo calculations are not strictly necessary.

Still, the MCNPX calculation time to assess mean doses in the patient case was 65 mins, which
is compatible with clinical applications. OEDIPE software can be run on a regular PC or laptop.
In this work, MCNPX calculations were run on a dedicated cluster. Each calculation was
launched on a single node, characterized by 2 CPU of 8 cores each and a total RAM of 32 GB.
When short range emitters are used and mean doses needed, DVK methods, or calculations
with specific absorbed fractions, are certainly sufficient. However, when tissue
heterogeneities are present, or when emitters have penetrating radiations in their spectrum
(e.g., 166H0), it might be interesting to dispose of Monte-Carlo calculations to assess doses or
dose volume histograms. Finally, strategies to limit the computation time of Monte-Carlo
calculation can be implemented: limitation of the geometric space and decrease in the spatial

resolution.

4.4.3. A workflow for patient-specific dosimetry
Despite the limitations discussed above OEDIPE integrates the essential steps needed to

assess patient specific dosimetry. All images used in nuclear medicine can be handled
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including combination of SPECT/CT and planar images, in that case the registration and
guantification can be performed on any of the SPECT/CT image. Calibration factors can be
entered by the user, they can take into account dead time correction, or any correction effect
in fact. Moreover, recovery factor can be taken into account independently of this correction
factor and all quantification is performed at the VOI level, enabling to use VOI-specific
guantification. The biokinetic module integrates several predefined fit functions and if they

were not suitable for the user data could be fitted with other programs.

The dosimetry is then assisted by Monte-Carlo calculations, resulting in a workflow that
integrates the essential steps for patient-specific dosimetry, avoiding the use of different

software along the process.

5. Conclusion

To account for the patient-specific biokinetics, after administration of radiopharmaceuticals,
in the estimation of absorbed doses to lesions and healthy tissues, new features were
implemented in OEDIPE. These developments enable an automatic analysis of multiple SPECT
images or hybrid planar/SPECT images, and to derive the cumulated activity for each VOI. The
implemented functionalities have been validated using images acquired with a Jaszczak
phantom for both approaches. OEDIPE can now handle 3D Monte Carlo personalized
dosimetry including patient-specific anatomy and biokinetics for 246 radionuclides included
in the ICRP database. In this work, the implemented features have been applied to a clinical
case. When mean absorbed doses are needed, for example to establish dose effect-
relationship of small tumours, OEDIPE could be used as a complementary and free tool in

clinical trials. OEDIPE can be obtained from IRSN under collaboration agreement. Finally, it
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was shown on the studied patient case that the biokinetics of lungs and tumour was consistent
with external dose rate measurements and data from the literature. It opens the way for
further testing the usefulness of external dose rate measurements as a complementary tool

to perform personalized dosimetry.
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List of abbreviations

OEDIPE: Outil d’Evaluation de la Dose Interne Personnalisée (Numerical tool
for the personalized assessment of internal dose)
CT: Computed tomography

DICOM: Digital Imaging and Communications in Medicine
DVK: the convolution of dose voxel kernels

MCNPX: Monte-Carlo N-Particle transport code

MIRD: Medical internal radiation dose

NM: Nuclear medicine

SPECT: Single-photon emission computed tomography
TACSs: time-activity curves

TEP: positron emission tomography

VOI: Volume of interest

WB: whole body
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List of figure captions

Figure 1. Flowchart of OEDIPE modules enabling calculation of a personalized 3D dose from anatomical
and functional data of the patient. New implementations are represented by blue boxes.

Figure 2. Planar registration interface enabling registration of the SPECT projections onto the anterior
and posterior views of the planar image.

Figure 3. Coronal (A) and transverse (B) slices of the SPECT/CT image of the patient. Anterior (C) and
posterior (D) planar scintigraphies of the patient acquired before the SPECT/CT. The lesions are
labelled as in the main text.

Figure 4. Time-activity curves in I-131 for three spheres of the Jaszczak phantom: comparison of the
results obtained with OEDIPE using the multi-SPECT approach with the known values

Figure 5. Comparison of cumulated activities obtained from the multi-SPECT (left) and planar-SPECT
approaches (right) with theoretical ones (value of 100%). For the planar-SPECT approach, each of the
six series of data corresponds to the association of the planar images with a SPECT image acquired at
a different time among the six available.

Figure 6. Comparison of the time-activity data points for I-131 in three Jaszczak phantom spheres,
obtained from the six image associations (Planar + SPECT_i, i varied from 1 to 6), with the theoretical
curves.

Figure 7. Time-Activity Curves (TACs) of different VOIs of the patient resulting from OEDIPE Planar-
SPECT approach (in blue) and from SPECT data combining whole-body effective half-life (WB-SPECT
approach, in green)
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Supplementary Material
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Figure S.1 Screen capture of the Biokinetics module. Right: the display of the TACs curves of the
volumes of interest (VOIs). Left: the different fit functions available for each VOI, and the useful
information for each function choice (cumulated activity, initial condition, chi-square).
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Figure S.2 Axial views of the six SPECT acquisitions of the Jaszczak phantom used to validate the image
analysis processes implemented in OEDIPE to derive time-activity data.
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Figure S.3 Whole-body measurements of the patient after treatment with 1-131 and corresponding
fitting curve. Measurement data were normalized using the measurement result obtained right after
I-131 administration.

Page 33 for 35



SPHERE 1 (16 ml)

—Known

Activity (MBq)

Multi-SPECT approach
Expon. (Multi-SPECT approach)

R*=0.999

SPHERE 3 (4 ml)

Activity (MBq)
=

R*=0.998

10 +

300 | 400

100 200 300 400 700

o 0
Time(hour) Time(hour)
12 7
SPHERE 5 (1 ml)

10 +

3T

3

> 6

-

2

S R2= 0.969
2+
o + + + + + + 1

0 100 200 300 400 500 600 700
Time{hour)

Figure S.4 Time-activity curves in I-131 for three spheres of the Jaszczak phantom: comparison of the

results obtained with OEDIPE usi

ng the multi-SPECT approach with the known values

Table S.1 Recovery coefficient used to derive activity in the Jaszczak phantom spheres and associated
time-activity curve (TAC) characteristics (r-squared value of the fit, effective half-life and cumulated

activity).

Effective Cumulated

Volume Recovery R-squared value . ..

Sphere .. " half-life activity

(mL)  coefficient of the fitting TAC (h) (MBq.h)
Sphere 1 16 0.760 0.999 213.3 40144.6
Sphere 2 8 0.657 0.0997 215.3 22860.7
Sphere 3 4 0.481 0.998 230.3 10921.7
Sphere 4 2 0.344 0.986 239.8 5783.7
Sphere 5 1 0.151 0.969 226.5 2922.9
Sphere 6 0.5 0.074 0.959 240.7 1463.4
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Figure S.5 Comparison of the time-activity data points for I-131 in three Jaszczak phantom spheres,
obtained from the six image associations (Planar + SPECT i, i varied from 1 to 6), with the theoretical
curves.
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