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Background: Targeted radionuclide therapy is a rapidly growing modality. A few commercial treatment
planning systems are entering the market. However, some in-house systems are currently developed for
a more flexible and customized dosimetry calculation at voxel-level. For this purpose, we developed a
novel software, VoxelMed, and performed a comparison with the software STRATOS.
Methods: The validation of both of them was undertaken using radioactive phantoms with different
volume inserts. A cohort of 10 patients was also studied after a therapeutic administration of 177Lu-
labelled radiopeptides. The activity, number of disintegrations, absorbed dose and dose-volume histo-
gram (DVH) were calculated for the phantoms and the kidneys in patients, which were the main critical
organs at risk in this study.
Results: In phantoms the absorbed doses computed with VoxelMed and STRATOS agree within 5%. In
patients at the voxel-level the absorbed dose to kidneys (VoxelMed: mean 0.66 Gy/GBq) showed a
limited difference of 5%, but with a remarkable range (�40%, þ60%) between the two software packages.
Voxel-dosimetry allows to estimate the dose non-homogeneities in volumes, which may be evaluated
through DVHs.
Conclusion: This study demonstrates that a fully 3D voxel-dosimetry with multiple SPECT images is
feasible by using home-made or commercial software package and absorbed dose results obtained are
similar. The main difference between the studied tools was observed in the activity integration method
(effective vs physical half-time to time activity curve tail). We believe that an effective half-time inte-
gration method produces a more accurate approximation of clinical uptake and resultant dosimetry.

© 2014 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

In the last decade, peptide receptor radionuclide therapy (PRRT)
with somatostatin analogues has been increasingly used for the
treatment of metastasized neuroendocrine tumours. On the other
hand patient-specific dosimetry can provide information to assess
both organ-specific and tumour absorbed doses, and to avoid
healthy organ toxicity [1]. An accurate dosimetry is so necessary to
understand the radiobiological considerations that affect treatment
response [2]. Different dosimetric methods can be applied. They are
x: þ39 0522 296392.

ica. Published by Elsevier Ltd. All
generally based on the MIRD (Medical Internal Radiation Dose)
indications.

The MIRD scheme [3] may be employed through either hybrid
(3D SPECT plus serial planar) or fully 3D SPECT-CT-based dosimetry.
Organ and equivalent dose values may be then calculated with
MIRDose or the OLINDA/EXM software (Vanderbilt University,
Nashville, USA).

MIRD no. 23 [4] describes a voxel-level approach, in which the
absorbed dose is computed at voxel-level, accounting for the non-
uniformity at a maximum level of detail accessible in vivo. This
produces dose-volume-histograms (DVHs) and radiobiological pa-
rameters of great interest for radionuclide therapy.

The voxel-basedmethods are notwidely used in clinical practice
and only two commercial software packages are available:
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STRATOS (Philips Technologie, Aachen, Germany) [11] and Vox-
elDose (DosiSoft, Cachan, France) [5].

Despite this, for a more flexible and customized dosimetry
calculation at voxel-level, in-house software packages were
developed by many groups, using 3D information from PET/CT or
SPECT/CT [6,7].

The aim of the present work is to compare the results obtained
with two different software packages for voxel-dosimetry when
processing the same image sets: 1) the software package VoxelMed
(VM) developed at our institute; 2) the STRATOS research module.

Material and methods

Phantoms

All activity measurements were performed with an accurate
activity calibrator (Aktivimeter Isomed 1010, Nuklear Medi-
zintechnik, Germany), specifically calibrated for 177Lu measure-
ments. All phantoms features are summarized in Table 1.

All phantomswere acquired through a SPECT-CT scanner (Symbia
T2, Siemens Medical, Germany, 3/8” NaI(Tl)-detector). The energy
windows (EW) of 177Lu photopeaks were set at 113 keV ± 7.5% and
208.4 keV ± 7.5%. For the lower EW, the TEW scatter correction was
employed (lower scatter window 87.58 e 104.53 keV, weight ¼ 0.5;
the upper scatterwindow 121.47e 130.51 keV,weight¼ 0.9375). For
the higher EW, the DEW scatter correction was employed (lower
scatter window 171.60 e 192.40 keV, weight¼ 0.75).

Two cylindrical phantoms were used. The home-made ‘Phan-
tom-B’was filled with a homogeneous radioactive solution of 177Lu,
while ‘Phantom-D’ (Data Spectrum Corporation, USA) was provided
with six spheres filled with a 177Lu solution in a hot background.

‘Phantom-D’ was acquired with the standard clinical SPECT-CT
protocol for brain studies.

It was used to study the accuracy and the distribution of the
activity (A), number of disintegration (ND) and absorbed dose (D) at
the voxel-level in the ideal case of only physical decay, at 5,164, 333
and 500 h after phantom preparation.
Table 1
Description of phantoms used in the study.

Acquisition
protocol

Index Picture Vol.
(ml)

Geometry
h ¼ height
d ¼ diameter

Insert (

Body A 9580 Cylinder
h:30, d:20 (internal values)

e

B 500 Plastic bottle þ water bags
h:18, d:6

e

Brain C 5640 Jaszczak
Cylinder (no insert)
h:18, d:21 (internal values)

e

D 5640 Jaszczak Cylinder
(personalized inserts)
h:18, d:21 (internal values)

7 fillabl
(98, 26.
polysty
‘Phantom-B’ was acquired with the standard clinical SPECT-CT
protocol for body studies.

It was used to study the accuracy and the distribution of the
dosimetric values A, ND and D at the voxel-level. The acquisition of
the phantom in air was repeated 5 times (30min, 4 h, 24 h, 48 h and
60 h after injection) at activity concentrations that were intended
to simulate a clinical time activity curve.

To extrapolate a single calibration factor CF (expressed in Bq/
counts unit, i.e. independent on voxel size of images) shared by
both voxel-dosimetry tools, the cylindrical plastic ‘Phantom-A’
(Data Spectrum Corporation, USA) and ‘Phantom-C’ (that is ‘Phan-
tom-D’ essentially without inserts), were filled with a homoge-
neous 177Lu solution.

The absolute CF for body protocol was determined from ‘Phan-
tom-A’ (0.065 MBq/ml), while for brain protocol it was determined
from ‘Phantom-C’ (0.40 MBq/ml).

Multiple volumes of interest (VOIs) were manually drawn on
one of the CT images and the total counts were extrapolated from
the corresponding SPECT images for each object inside the phan-
toms and for each phantom.

The SPECT-CT scanner was characterized for PVE (Partial Vol-
ume Effect) by extrapolation of recovery curves for 177Lu, as a
function of volume. All data (A; ND/A and D/A, that are ND and D
ratio to activity A), were shown already corrected for PVE.

Acquisition and reconstruction clinical protocols

The standard Siemens clinical protocol for brain studies used:
two MEHR collimators; matrix ¼ 128 � 128; zoom ¼ 1.23;
views ¼ 60 � 2; time/view ¼ 30 s; step and shoot mode; degree of
rotation ¼ 180�; non-circular orbit; detector configuration ¼ 180�.
The SPECT projections were reconstructed by an iterative algo-
rithm with compensations for attenuation from CT images, scatter,
and full collimator-detector response in Siemens E-Soft worksta-
tion (Flash 3D iterative algorithm: 12 iterations; 8 subsets;
gaussian filter cut-off ¼ 3.9 mm; 3.9 mm cubic voxel for brain
protocol).
ml) Aim Activity concentration
(MBq/ml)

CF calculation homogeneous solution:
0.065

effective decay test refilled homogeneous
solution ( � 10�3): 2.2,
2.7, 1.89, 0.94, 0.13

CF calculation homogeneous solution:
0.40

e spheres
5, 19, 11.5, 5.6, 2.57) þ extruded
rene foam support

test CF and physical
decay test

hot background: 0.38,
spheres:3.44
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The standard Siemens clinical protocol for body studies used:
two MEHR collimators; matrix ¼ 128 � 128; zoom ¼ 1;
views ¼ 32 � 2; time/view ¼ 30 s; step and shoot mode; degree of
rotation ¼ 180�; non-circular orbit; detector configuration ¼ 180�.
The SPECT projections were reconstructed by an iterative algorithm
with compensations for attenuation from CT images, scatter, and
full collimator-detector response in Siemens E-Soft workstation
(Syngo, MI Application version 32B, Siemens Medical Solution,
Germany) with Flash 3D iterative algorithm (10 iterations; 8 sub-
sets; gaussian filter cut-off ¼ 4.8 mm; 4.8 mm cubic voxel for body
protocol).

These reconstructed images were the starting point of both
voxel-dosimetry tools.

Patients

A cohort of 10 patients was enrolled in the radiolabelled peptide
therapy (177Lu-DOTATATE) in the period 2010-2011 (EUDRACT-
Number 2008-000983-17; 2006-000897-65). Patients gavewritten
informed consent. They are different in sex and age (4 females, 6
males, mean age ¼ 65.4, range ¼ 48e79yrs). The adopted admin-
istration protocol was described in Ref. [8].

After a therapeutic administration of 177Lu-labelled peptides
with renal protection (mean administered activity per cycle was
5.7 ± 1.2 GBq), all patients underwent a series of SPECT-CT scans of
the abdomen, at 1, 4, 24, 44, 72 h p.i., with the standard clinical
acquisition protocol for body studies. No particular method for
assuring reproducibility of patient positioning in subsequent im-
aging was adopted: patients were positioned in supine configura-
tion with arms raised and placed on a shaped pillow.

Dose calculation of only critical organs (kidneys) was per-
formed. Mean dose computation of these organs using the OLINDA/
EXM package was also performed and considered as a reference.

The same sets of images were evaluated with STRATOS and
VoxelMed.

VoxelMed

This software package was designed on CERR version 4.0 (www.
cerr.info).

VoxelMed (VM) allows users to:

1. perform a manual segmentation of VOIs on the CT image and
automatically copy them on all the imported SPECT slices;

2. calculate ND distribution at voxel-level for each VOI;
3. calculate the 3D dose distribution as a result of the convolution

between the ND matrix and the S-values matrix (both beta and
gamma contribution) for therapy isotope;

4. compute DVH and dose statistics in each VOI;

SPECT images were exported from Siemens workstation already
aligned to the first CT image through a manual rigid registration.
The registration tools provided by Siemens rescaled the original
voxel size to 3.9� 3.9� 3.5mm and to 2.32� 2.32� 2mm for body
and brain studies, respectively.

Voxel-S-values specific for the voxel sizes considered in the study
were simulated by the University of Bologna (www.medphys.it) [9].

In order to compute the value of ND at the voxel-level, Vox-
elMed was designed to apply the trapezoidal method up to the last
time acquisition point [that is, no tail contribution to total integral,
referred as VM(no tail)] plus an effective half-life exponential
analytical integral, as a mono-exponential tail contribution from
the last time acquisition point onwards [referred as VM(eff)]. The
effective half-time used for tails was derived from the exponential
fitting (least squares analysis) of the whole timeeactivity curve in
each VOI. The tail integral was calculated on this effective mono-
exponential starting from the last acquisition point onwards. Inte-
gral of tails after the last point represents a large proportion of the
total integral. This choice for tails was supported by Ref. [10] for
organ level dosimetry.

VoxelMed was also designed to use the trapezoidal integration
method up to the last time point, plus a physical half-life integral
for tail [referred as VM(phys)], similarly to the technique employed
by STRATOS.

STRATOS

This commercially available product for voxel-based dosimetry
is part of the IMALYTICS Research Workstation.

The software package is based on the MIRD formalism for voxel-
based dose calculation by voxel-S-values. The complete workflow
used to analyse the set of 3D images allows users to do the same as
points 1, 2, 3, 4 of VoxelMed [11]. SPECT images instead were
aligned to the first CT image through a rigid registration in STRATOS
workstation.

Since voxel-S-values depend on the isotope and on the voxel
size of the grid, orginal activity images (4.8 mm cubic size) were re-
sampled in STRATOS to voxels of 4.42 � 4.42 � 4.42 mm in accor-
dance with STRATOS' voxel-S-value sizes. Creating and using new
voxel-S-values for different voxel-sizes is now supported in
collaboration with the company.

To calculate the ND, the software package by default applies the
trapezoidal integration method plus a physical half-time mono-
exponential tail integration after the last time point.

Other calculation options (analytical integration of fitted data
or using effective half-times) may be currently available only
after editing configuration files and in collaboration with the
company.

OLINDA/EXM

The same sets of images used in voxel-dosimetry calculation
were used for dosimetry at organ level. VOIs were drawn manually
on all CT images by the software Volumetric Analysis in Siemens E-
soft workstation.

The estimates of the dose to critical organs were obtained by
OLINDA/EXM software package, mentioned as OLINDA in the
following. Patient-specific organ masses were also considered.

For phantom analysis, the OLINDA sphere model tool was
applied based on the known injected activity in the inserts, rather
than using image data.

Comparison of software

The consistency between the analysed tools was evaluated in
terms of relative difference (R) of volume, mean A quantification
inside VOIs, mean ND/A per voxel, and D/A in VOIs in both phan-
toms and patients.

Being X the quantity to be studied and Xref the quantity chosen
as a reference, the quantity R was defined as:

R ¼ X � Xrefð Þ=Xrefð Þ*100
In phantoms, the quantity X to be studied was derived from

original data. Reference Xref values came, instead, from phantom/
insert defined volume, activity measurements in activity calibrator,
while the reference for ND/A and D/A were computed with
OLINDA/EXM sphere model (ND/A and D/A were normalised to
voxel size; while activity and volume values were referred to the
whole VOI).

http://www.cerr.info
http://www.cerr.info
http://www.medphys.it


Table 3
‘Phantom-D’ results.

Volume
(ml)

R STRATOS
(%)

R VM(phys)
(%)

CV STRATOS
(%)

CV VM(phys)
(%)

A 98 �5.4 �5.3 30.1 28.8
26.5 2.8 4.7 42.8 44.6
19 �9.9 �5.7 36.1 35.2
11.5 �5 7.4 38.2 40
5.6 8.8 9.2 37.4 40.5
2.57 �3.9 �2.5 28.5 29.8

mean 2.1 1.3 35.5 36.5
RMS 6.5 6.2 e e

ND/A 98 �2 �0.4 56.7 57.2
26.5 �10.2 �6.2 55.8 60.0
19 �0.7 �0.9 56.5 61.4
11.5 �1.5 �7.2 56.8 53.7
5.6 �18.6 �12.1 57.6 58.2
2.57 �13.7 �11.3 43.8 62.2

mean �7.8 �6.4 49.3 58.5
RMS 10.4 7.8 e e

D/A 98 �4.8 �4.3 26.2 51.4
26.5 �12.7 �11.8 47.5 54.7
19 �3.9 �5.3 50.3 58.4
11.5 �0.1 �6 45.6 47.7
5.6 �20.9 �19.2 49.2 53.8
2.57 �15.6 �18 37.0 39.9

mean �9.7 �10.8 41.9 49.1
RMS 12.1 12.3 e e

Table 4
‘Phantom-B’ results.

OLINDA STRATOS VM(phys)

Absolute value R(%) CV(%) R(%) CV(%)

A 1103 KBq �3 56 �13 55
ND/A mean voxel 42 s �15.1 43 �14.3 42
D/A 7.4 Gy/GBq �18.9 42 �20.9 40
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In case of VoxelMed and STRATOS, the values of A, ND/A, and D/
A were derived from image analysis. In both ‘Phantom-D’ and
‘Phantom-B’ ND/A are calculated by trapezoidal method on serial
images up to the last time point and physical decay in the tail up to
500 h post injection.

In ND/A and D/A computation, Xref was considered as the organ
level value provided by OLINDA, then normalized to the voxel size,
while X was the value provided by STRATOS, VM(phys) or VM(eff).

Statistical analysis was performed through the nonparametric
two-tailed Wilcoxon test (significance level 0.05) designed to
evaluate the difference between two matched samples (ND/A and
D/A absolute values in kidneys) with a limited number of data. The
null hypothesis was that the medians of the two samples were
identical. The p-values are reported in results section.

For both phantoms and patients, results for ND/A and D/A were
provided as an average over voxels inside volumes for both voxel-
dosimetry and OLINDA techniques. The analysis of the coefficients
of variation inside volumes, CV, defined as the ration between the
standard deviation and the mean value of a series of data, was
performed tomeasure fluctuations among voxels for ND/A and D/A.

Results

Phantoms results

The calibration factor for both voxel-dosimetry methods was
obtained from the ratio between the activity content (MBq/ml) and
the mean counts in images (counts/ml): 26 Bq/counts (‘Phantom-
A’) and 13 Bq/counts (‘Phantom-C’) for body and brain studies,
respectively.

Measured volumes of VOIs by STRATOS and VoxelMed are
shown in Table 2 for both ‘Phantoms-D’ and ‘B’. They are used to
test voxel methods on body and brain protocols, respectively.

Table 3 shows R values for A, ND/A (Xref are OLINDA values from
exponential fitting) and D/A (Xref are OLINDA values from sphere
model). Xref for ND/A and D/A is the mean value calculated over all
spheres (ND/A ¼ 95 s; D/A ¼ 30.3 Gy/GBq) of ‘Phantom-D’, while
activity refers to the whole activity amount inside each VOI.

Since OLINDA uses activities measured in an activity calibrator,
its results are not affected by border effect or by PVE. From ND/A to
D/A calculation a general increase of the absolute value of R can be
observed, caused by progression of calculation, resulting from error
propagation.

Table 4 shows the absolute values for activity in thewhole VOI, R
and CV for dosimetric values A, ND/A, and D/A in ‘Phantom-B’ for
body acquisition.

In Fig. 1a, the DVHs for phantoms are reported for 98 ml, 19 ml
and 5.6ml spheres and 500ml cylinder for STRATOS and VoxelMed.

Patients results

The clinical results present kidney estimates. Figure 1b shows
the time activity curve interpolation by different techniques:
Table 2
Measured volume results in ‘Phantom-D’ and ‘Phantom-B’.

Volume (ml) Real value STRATOS VM R STRATOS (%) R VM (%)

Phantom D 98.00 100.50 100.32 2.6 2.4
26.50 28.80 28.57 8.7 7.8
19.00 18.00 17.09 �5.3 �10.1
11.50 10.70 12.98 �7.0 12.8
5.60 6.90 6.41 23.2 14.4
2.57 2.80 2.98 8.9 15.9

mean e e e 9.8 10.5
Phantom B 500.00 532.00 471.00 6.40 �5.8
OLINDA, STRATOS, VM(eff) and VM(phys). VM(eff) and VM(phys)
are different only on tail side.

Table 6 shows R for VM(phys), VM(eff) and STRATOS. R-values
refer to OLINDA ND/A.

The statistical tests performed on ND/A data provided no sig-
nificant difference between the medians of software packages
[STRATOS vs VM(phys) p-value ¼ 0.92; STRATOS vs VM(eff) p-
value ¼ 0.85; VM(phys) vs VM(eff) p-value ¼ 0.64]. Nevertheless
RMS value is much higher for VM(eff) than for VM(phys) and
STRATOS.

Table 7 shows R for STRATOS, VM(phys) and VM(eff). R values
are referred to OLINDA D/A.

The statistical tests performed on data provided no significant
difference between STRATOS and VM(phys) (p-value ¼ 0.64) and
STRATOS vs VM(eff) (p-value ¼ 0.17), while VM(phys) vs VM(eff)
Table 5
Inaccuracy analysis for ‘Phantom-D’ and ‘Phantom-B’.

Brain (phantom D) Body (phantom B) Mean

STRATOS
(%)

VM(phys)
(%)

STRATOS
(%)

VM(phys)
(%)

Volume delineation 9.3 10.6 6.4 5.8 8
Activity quantification 2.1 1.3 3 10 4.1
Fitting 5.7 5.1 12.1 4.3 6.8
Dose 1.8 3.8 3.8 6.6 4
Quadratic summation 11.3 12.4 14.5 14.0 11.9



Figure 1. a) DVH for ‘Phantom-D’ inserts and ‘Phantom-B’; b) time activity curve differently interpolated.
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showed a significant difference (p-value ¼ 0.005) between me-
dians of the two samples. In this case the RMS value for VM(eff) is
higher than VM(phys) and STRATOS, which are instead close to
each other.

Figure 2a shows DVH for patient-1, whose values for right kid-
ney dose estimates by STRATOS and VM(phys) were very close,
while Fig. 2b shows a DVH for patient-6, whose values for right
Table 6
ND/A patient results averaged on both kidneys.

ND/A R(%) STRATOS R(%) VM(phys) R(%) VM(eff)

pt1 �19 �11.5 �20
pt2 �2.3 9 �36.5
pt3 �55 �54.2 �55
pt4 14.6 18 48.4
pt5 �11 �23.6 �36.2
pt6 �6.9 �19 �52.3
pt7 22.2 14.8 �45.9
pt8 18 12 �19.3
pt9 �15.8 �19.7 �44.2
pt10 �12.3 �12.1 �32.3
RMS 22.3 23 40.8
stedev 22.4 22.5 29.8
kidney dose estimates by STRATOS and VM(phys) were far from
each other.

In the same Figure, right kidney DVH for patients-1 and -6 are
also shown for VM(eff) results.

Figure 3 reports VoxelMed DHV for patient-7 and patient-9 for
VM(phys), VM(eff), and VM(no tail) results, to focus attention on
different tail contribution in dose estimation.
Table 7
D/A patient results averaged on both kidneys.

D/A R(%) STRATOS R(%) VM(phys) R(%) VM(eff)

pt1 14.9 12.7 �29.2
pt2 28.9 26.7 16.4
pt3 18.0 �40.8 �42.1
pt4 �12.7 28.0 20.1
pt5 7.0 �13.3 �32.2
pt6 11.1 �15.8 �35.3
pt7 �25.3 �8.1 �37.8
pt8 �32.0 �30.5 �38.8
pt9 �0.8 �11.4 �22.2
pt10 22.5 12.4 3.3
RMS 19.7 22.4 30.0
stedev 9.9 10.7 12.1



Figure 2. (a) patient-1; (b) patient-6 kidney DVH. Figure 3. (a) patient-7; (b) patient-9 kidney VoxelMed DVH.
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Figure 4 shows the steps in dosimetric voxelized calculation
with VoxelMed: kidneys contouring on CT scan, registered SPECT
image and finally the dose distribution in kidneys.

Discussion

The aim of the present workwas to compare two tools for voxel-
based dose calculation on phantoms and on clinical cases. The
starting images were the same in both cases, but the dosimetry
calculations were performed independently, with the double aim of
testing the reproducibility deriving from either software packages
and the effect of time activity curve tail integration technique.

Phantoms

The first encountered cause of error in quantification is volume
inaccuracy in the contouring phase for both approaches. This dif-
ference was estimated through the defined quantity R. It was in-
dependent of sphere size in ‘Phantom-D’, while about 6% in
‘Phantom-B’ (Table 2). STRATOS and VoxelMed show good agree-
ment in this first step.

These deviations, though not large, could be attributed to:
different voxel size of images; image alignment (manual/automatic
rigid registration) and diverse contouring performed indepen-
dently in VoxelMed and STRATOS workstation; interoperator
variability.

The inaccuracy in activity estimates, shown in Tables 3 and 4,
derives from different sources, such as those previously mentioned
about volume bias.

In ND/A sphere estimates (Table 3) the two methods show a
variation (mean and RMS values) within a few-percent between
each other when the same tail integration method is applied.

In case of ‘Phantom-B’ (Table 4), R values for ND/A are in general
higher than ‘Phantom-D’ sphere values. The activity values for
‘Phantom-D’ are based solely on physical decay. This may represent
an ‘easier’ situation for fitting time activity curves by the tested
software packages. The CV for ND/A inside spheres do not show a
strong dependence on sphere size (Table 3). STRATOS values are
slightly lower than those obtained with VM(phys), while in Table 4
they are very close.

In the absorbed dose computation of ‘Phantom-D’ and ‘Phan-
tom-B’ (Tables 3 and 4 respectively), an underestimation is evident
compared to OLINDA.

The results for Phantom-D’ and ‘Phantom-B’ are different
because most likely the reference geometry is a sphere model. It
introduces a bias for ‘Phantom-B’, which isn't a sphere and in
practice will have a larger escaping fraction due to its relatively
higher surface area.

A DVH (Fig. 1a) analysis of ‘Phantom-D’ showed that values for
STRATOS and VoxelMed were very close to each other, as in Table 3.
The ‘Phantom-B’DVHs closely overlap, as in Table 4. To some extent,
DVHs are affected by PVE, uncertainties in image alignment and
heterogeneities in tissue density/composition, noise and resolution
in SPECT imaging [12].

Phantom analysis provided a global inaccuracy in either soft-
ware of approximately 12%, achieved by summing the single
sources of errors (Table 5) for both phantoms.

In clinical cases, where a higher inaccuracy is expected to more
complicated biological pharmacokinetics in vivo, an error in dose
estimation may exceed 12%.

Patients

There is a great inter-patient variability in results for both tools
(Tables 6 and 7), even though the mean results show a reasonable
agreement.

ND/A results for VM(phys) are closer to STRATOS ones than
VM(eff), as seen in R values in Table 6. Statistical analysis indicated



Figure 4. VoxelMed coronal image set: CT scan with structure, first SPECT scan and dose map.
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no significant difference between the software packages [STRATOS
vs VM(phys) and STRATOS vs VM(eff)].

The standard deviations for ND/A show considerable inter-
patient variability, but no strong dependence on the adopted
method (Table 6).

Results for D/A (Table 7) show high inter-patient variability too.
Wilcoxon test showed that only VM(phys) and VM(eff) were

significantly different, while STRATOS was not vs either of them.
VM(phys) and VM(eff) are different because diverse tail integration
methods are applied, whereas trapezoidal method is applied.
Nevertheless, p-values for STRATOS vs VM(eff) (p ¼ 0.17) were
much lower than STRATOS vs VM(phys) (p ¼ 0.64), although the
first comparison result was not significantly different. This provide
some evidence that STRATOS and VM(phys) are more strongly
connected, as expected, as they share the same schema, despite the
difference in image alignment which affects the comparison. The
same is evident also in RMS values, that are higher for VM(eff) than
for STRATOS and VM(phys).

In Fig. 2b, DVH curves do not overlap, as expected from R values
in Table 7.

This underlines the importance of considering dose distribution
in place of an average organ level approach. In particular in the
integration with external radiotherapy this aspect has been
becoming nowadays much more important.

In Fig. 2a, instead, the curves for STRATOS and VM(phys) over-
lap. In both cases, their DVHs are far from VM(eff) DVH, which is
more likely since it applies the effective decay tail.

The sharp slope of the VM(eff) DVH in Fig. 2 indicates a lower
variability in dose distribution, compared to VM(phys).

Looking at VM(no tail) and VM(eff) DVHs for patients in Fig. 3,
the variability in activity uptake among patients after the last point
is evident: patient 7's DVHs (Fig. 3a) don't show marked differ-
ences, while in Fig. 3b, patient 9's DVHs indicate that activity was
still present after the last time point acquisition. Furthermore the
difference between VM(eff) and VM(phys) is evident in Fig. 3, in
both patients.

Caused by a major homogeneity in tail integral contribution to
ND/A, the strong weight of tails compared to the total integral is
estimated in about 70% for trapezoidal integration method plus
physical decay after last time point, while 40% for effective decay, as
in Ref. [13]. This aspect influences the D map calculation.

The ratio between the mean D/A values for VM(eff) and
VM(phys) is 45% for patient 9 and 55% for patient 7. Again this in-
dicates a large contribution from the tail portion of the total inte-
gral in VM(phys). Since phantom analysis indicated a global
inaccuracy of about 12% (Table 5), in clinical cases another 20 to 30%
uncertainty may be expected for both voxel-dosimetry tools.

Concluding, OLINDA is a good reference for comparison between
different models, though based on an organ level computation.
VM(eff) shows a slight tendency to underestimate cumulated ac-
tivity and D/A values compared to STRATOS and VM(phys). An
effective half-time approach is probably more reliable for esti-
mating time activity curves for voxel-based dosimetry. A physical
half-time tail integration doesn't maximize patient-specific infor-
mation, as effective half-time model instead does being more bio-
logically accurate [13], and almost certainly overestimates absorbed
dose calculation.

When comparing different dosimetric methods the integral
technique and preparation of images for dosimetry computation
must both be considered. It is also reminded that all internal
dosimetry software calculation methods should be evaluated ac-
cording to the EANM guidelines [14], prior to implementation in
clinical routine.

Seen the differences that may arise from the application of these
two innovative tools, it is recommended to deserve deep attention
in validation of new codes for voxel dosimetry, especially if issues
about realignment of subsequent scans and fitting can be
recognized.
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