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Background: At present activity quantification is one of the most critical step in dosimetry calculation, and
Partial Volume Effect (PVE) one of the most important source of error. In recent years models based upon
phantoms that incorporate hot spheres have been used to establish recovery models. In this context the goal of
this study was to point out the most critical issues related to PVE and to establish a model closer to a biological
imaging environment.

Methods: Two different phantoms, filled with a ”’Lu solution, were used to obtain the PVE Recovery
Coefficients (RCs): a phantom with spherical inserts and a phantom with organ-shaped inserts. Two additional
phantoms with inserts of various geometrical shapes and an anthropomorphic phantom were acquired to
compare the real activities to predicted values after PVE correction.

Results: The RCs versus volume of the inserts produced two different curves, one for the spheres and one for the
organs. After PVE correction, accuracy on activity quantification averaged over all inserts of three test phantoms
passed from —26% to 1.3% (from 26% to 10% for absolute values).

Conclusion: RCs is a simple method for PVE correction easily applicable in clinical routine. The use of two
different models for organs and lesions has permitted to closely mimic the situation in a living subject. A marked
improvement in the quantification of activity was observed when PVE correction was adopted, even if further
investigations should be performed for more accurate models of PVE corrections.

Partial volume correction
SPECT

Quantitative imaging
Recovery coefficient

1. Introduction patient repositioning, organ deformation and respiratory motion [5].

Also optimization of data acquisition and data processing as reported in

The quantitative assessment of radioactivity distribution is a critical
step in Molecular Radionuclide Therapies (MRT), both for planning and
for monitoring of the treatment. Multimodal techniques have permitted
to produce quantitative and accurate measurements of tracer con-
centrations in vivo, and nowadays functional imaging has become a
clinical reality [1,2]. Multiple SPECT/CT scans especially allow to de-
rive patient specific pharmacokinetics for dosimetry purpose in MRT
[3] in accordance with a simple planar, hybrid, tridimensional or
voxelized method [4]. In this scenario deformable image registration
algorithms applied to multimodal images help to correct the registra-
tion errors derived from misalignment of sequential scans, changes in
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MIRD No. 24 [6] and in No. 26 [3] for specific MRT techniques have
greatly reduced biases in quantifications, as previously hypothesized in
MIRD No. 16 [7]. However, the finite spatial resolution of imaging
system and the image sampling remain inherent limits in nuclear
medicine imaging and still cause a displacement of counts between
different image regions: the so called Partial Volume Effect (PVE). This
effect is often viewed as two separate effects: spill-in and spill-out,
which makes sense when focusing on a volume of interest (VOI) in
which the activity needs to be quantified. Adjacent regions are then
considered as background regions and are taken into consideration only
for their relation with the VOI. PVE is not routinely dealt with in
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Fig. 1. Axial CT slice of the Sphere phantom (a) and Anthropomorphic phantom (b).

clinical practice, but it is of foremost importance in the context of
imaging activity quantification [8].

PVE depends on numerous parameters [9] and it has a very strong
dependence on the size of the structure contoured [10]. Different VOIs
with exactly the same activity but different sizes yield images with
different degree of intensity. Furthermore, correlation between PVE and
size of VOI is not linear. Another parameter that influences the PVE is
the shape of the structure, and in particular how much ‘compact’ it is
[11]. The term ‘compact’ refers to the ratio between the surface area
and the volume for a given VOL The larger the ratio, the less compact
the VOI. Spherical volumes are the most compact, so they are less af-
fected by the PVE. Instead, in less compact structures a larger part of
the inner points is close to the edges and is thus susceptible to spilling in
and spilling out. Then PVE depends on the background of surrounding
tissue activity, which determines the effect of spilling-in. Finally the
spatial resolution of the reconstructed images is also important. This
determines how much the signal spreads out around the actual position
[12].

One approach to compensate for PVE is to apply Recovery
Coefficients (RCs) that have been derived from empirical measure-
ments. These measurements are often performed using phantoms with
simple geometries, such as spherical or cylindrical. RC is defined as the
ratio of measured activity to true activity in the object. In other words,
RC is a factor by which the activity in the VOI is shifted due to PVE.

The aim of this work is to point out the most critical issues related to
PVE in SPECT images of '”’Lu DOTATOC and to establish a recovery
model to correct the number of counts in }””Lu SPECT images. To this
end a model based upon phantoms that simulate a clinical context was
used, similarly to the partial volume correction implemented for PET
recovery calculation [13].

2. Materials and methods
2.1. Image acquisition and reconstruction

All activity measurements were performed with an accurate activity
calibrator (Aktivimeter Isomed 1010, Nuklear Medizintechnik,
Germany) and all images acquisitions through a SPECT-CT scanner
(Symbia T2, Siemens Medical, Germany, 3/8” Nal(Tl)-detector). The
energy windows (EW) of 17”Lu photopeaks were set at 113keV + 7.5%
and 208.4keV + 7.5%. For the lower EW, the TEW scatter correction
[14] was employed (lower scatter window 87.58-104.53keV,
weight = 0.9375). For the higher EW, the DEW scatter correction [15]
was employed (lower scatter window 171.60-192.40keV,
weight = 0.75). The standard clinical protocol for body studies was
used: MEHR  collimators; matrix 128 X 128; zoom = 1;
views = 32 X 2; time/view = 30s; step and shoot mode; degree of
rotation = 180°; non-circular orbit; detector configuration = 180°. The
CT acquisition was performed with the following parameters: 130 kV

and max = 90 mAs using tube current modulation. The reconstructed
slice thickness was 5 mm and a smooth reconstruction kernel was used
(B08s; Siemens Medical Solution, Germany).

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 subsets; Gaussian filter
cut-off = 4.8 mm; 4.8 mm cubic voxel) [16].

For quantitative imaging, a partial volume free calibration factor
(CF) was previously determined with a cylindrical Jaszczak phantom
filled with a homogeneous radioactive solution and considering the
activity to counts ratio in the phantom (CF = 28.5 Bq/counts). To avoid
PVE, a cylindrical VOI with a radius equal to the reconstructed SPECT
image FOV size was used. Once calibrated, counts-to-activity conver-
sion was performed by applying the following formula:

@

The Volume Of Interest (VOI) for each insert was drawn on the CT
image by using the contouring toolkit of Velocity 3.2.0 (Varian Medical
Systems, Palo Alto, USA). The VOI definition was completely manual,
as also suggested by Uribe et al [17]. The VOIs were transferred onto
the SPECT voxel grid using the platform CERR [18]. CERR performs a
linear interpolation between CT and SPECT coordinates to select SPECT
voxels to include into each VOI.

Measured activity = CF-Counts

2.2. PHASE 1: Determination of the recovery Coefficients (RCs)

Phantoms were filled with 77Lu in a solution of water and HCl. HC1
was used in order to guarantee a homogenous radionuclide solution.
Two different phantoms were used to determine RCs:

1. The Sphere phantom (Jaszczak type phantom, Data spectrum cor-
poration, USA) to mimic isotropic activity distribution (Fig. 1a).
This phantom consisted of a cylindrical phantom filled with a
radionuclide solution, in which seven spheres and two ellipsoidal
inserts with increasing volume were placed. These inserts were filled
with the same activity concentration.

. An anthropomorphic phantom (Liqui-Phill, The Phantom
Laboratory; Greenwich, NY) to mimic organ-shape activity dis-
tribution (Fig. 1b). This phantom consisted of a human body
phantom with organ-shaped inserts (liver, spleen, pancreas and
kidney). These organ inserts were hand-designed to be as close as
possible to real ones. Each organ was filled with a specific activity
concentration and placed in a radioactive solution. The activity
concentrations were chosen as close as possible to clinical cases,
considering a range of concentrations of each organ in a group of
patients.
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Description of phantoms used to study RCs. Each sphere was named as his diameter (for example the sphere with 10 mm of diameter as Spherel0).

Phantom Phantom volume Insert name  Insert inner Volume Background activity concentration Insert activity concentration (MBq/
(ml) (ml) (MBq/ml) ml)
Sphere phantom 4225 Spherel0 0.6 0.032 0.905
Spherel3 1.2
Spherel7 2.6
Sphere22 5.7
Sphere28 11.6
Sphere37 26.8
Sphere57 98.6
Falcon48a 58.5
Falcon48b 58.9
Anthropomorphic phantom 1 8153 Pancreas 92 0.0035 0.12
Right Kidney 142 0.10
Left Kidney 142 0.10
Spleen 156 0.14
Liver 1470 0.07

A description of inserts, volumes and activity concentrations are
collected in Table 1. The volume of each phantom was estimated by
drawing the contour on the CT image, while the volume of the inserts
was derived measuring the weight of the insert before and after the
refilling with a calibrated scale (assuming the concentration of the
radioactive water is 1 g/ml).

RC was obtained using the following expression [19]:

Measured activity

RC = —
True activity

(2)

The Measured activity was obtained using Eq. (1), where CF was
previously calculated and Counts were detected in a VOI precisely
following the contours of the object in the CT image. The True activity
was measured during the preparation of the phantom with the activity
calibrator. Uncertainty of the RC value was estimated using the error
propagation formula from Measured activity and True activity. In-
accuracy associated to Measured activity was estimated, from a pre-
vious study [20], to be 10%. Inaccuracy of True activity was 5%, as
reported by the user manual of the activity calibrator.

Once RC is known (Eq. (2)), partial volume corrected activity in VOI
can be derived rescaling the Measured activity as summarized with Eq.

3):

Measured activity

PVC acivity = RC

= CF/RC-Counts 3)

2.3. PHASE 2: Assessment of partial volume correction with RCs

To examine the effect of PVC on the quantitative accuracy, two
different phantoms were acquired:

1. A cylindrical phantom and a set of 11 different inserts were ar-
ranged in two different configurations, to originate two
‘Geometrical phantoms’. The inserts, different for shape (toroidal,
pear-shaped, tubular and ellipsoidal) and volume, are shown in
Fig. 2. More details are reported by Berthod et al. [21]. Every insert
was filled with the same activity concentration and placed in a non-
radioactive water background.

. The same Anthropomorphic phantom already described above was
prepared with different activity concentrations and scanned a
second time.

Details of inserts, volumes and activity concentrations are collected
in Table 2.

Percentage difference (Error (%)) between quantified activity and
true activity was calculated to estimate the accuracy of quantification,
using the following formula:

155

Toroid

Fig. 2. Section of CT scan for different insert-shape of the Cylindrical phantom.

Quantified activity — True activity 10

Error (%) = 0

True activity

C)

Quantified activity was empirically obtained measuring counts from
the SPECT image and using Eq. (1) in case no PVC is applied, or Eq. (3)
in case PVC is applied.

Finally, the “compactness” for each insert shape was quantitatively
estimated using the parameter asphericity (ASP), defined by Apostolova
et al. [22] as follows:

1 8

ASP = 100-(¥YH — 1)with H = .
( ) 36 V2

()
where S and V are the surface and the volume of the insert, respectively.
ASP measures the deviation of a particular non-spherical VOI from the
shape of a sphere with the same equivalent volume. ASP was evaluated
to investigate its influence on PVC.

3. Results
3.1. PHASE 1: determination of the recovery coefficient (RC)
The RCs for the two different phantoms were calculated using Eq.

(2) and were plotted versus the volume of the insert (Fig. 3). The error
bars in the plot show the value of uncertainty associated to the RCs,
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Table 2
Description of phantoms used to test the partial volume effect curve. Each insert was named as his diameter (for example the Toroid with 26 mm of diameter as
To26).
Phantom Phantom Volume Insert Insert inner volume Background activity concentration Insert Activity concentration (MBq/
(ml) (ml) (MBq/ml) ml)
Geometrical phantom 6713 Tol7a 2.8 No background 1.53
To26 9.7
E22 5.5
E30 14.8
E38 28.5
6713 Tol7b 2.8
P38 29.2
P39a 30.1
P39% 31.2
0.2
Tu38a 28.6
Tu38b 28.8
Anthropomorphic phantom 2 8153 Pancreas 92 0.03 0.99
Right Kidney 142 0.82
Left Kidney 142 0.81
Spleen 156 1.10
Liver 1470 0.53

estimated as previously described (section: ‘Material and methods —
PHASE 1: Determination of the Recovery Coefficients (RCs)).

To obtain the best fitting function to the RCs the functions in Egs.
(6) and (7) were used. In particular Eq. (6) was used for the RCs ob-
tained with the spherical inserts, which are all in a range of volume
affected by PVE. Eq. (7) was instead used for the anthropomorphic
inserts, to obtain the convergence of the RC curve to 1 in case of the
largest volumes.

(6)

RC = q-e~bVolume +c

)

RC = a.e—b-Volume +1

where a, b and c are the fitting parameters, Volume and RC respectively
the independent and dependent variables. Physical constraints for RC
were set at 1 for the upper limit and O for the lower limit.

The Bravais-Pearson correlation coefficient (r) and the Root Mean
Square Deviation (RMSD) were calculated to evaluate the quality of the
fitting model. They are reported in Fig. 3.

3.2. PHASE 2: assessment of partial volume correction with RCs

To test the RC curves we used Eq. (4) to compare the discrepancy in
the activity quantification in the case of PVC and in the case of no PVC.
Activity in case of PVC was obtained applying Eq. (3), where the RC
factor is extrapolated from the RC curve (Fig. 3) for the specific volume
of the insert. In particular for the Geometrical phantom the curve ob-
tained with the sphere phantom was used (Fig. 3a), instead for the

Anthropomorphic phantom the curve obtained with the organs
(Fig. 3b). Figs. 4 and 5 show the Error (%) for the two test phantoms
(respectively Geometrical and Anthropomorphic phantoms).

Fig. 6 shows the Error (%) of PVC activity as a function of the ASP
for the Geometrical inserts and the value of the Pearson correlation
coefficient.

4. Discussion

At present activity quantification is one of the most critical step in
dosimetry calculation, and PVE one of the most important source of
error. PVE can produce a large bias in measured activity, especially for
lesions and regions with a small volume [23].

The intention of this experiment was to generate a model to be
applied easily in practice when activity correction for partial volume
effect is desired. The method based on RC was chosen for its simplicity
both in formulation and application. It can be employed in every in-
stitute by following the same procedure and, once the RC curve is well
defined, it can be applied by using only the volume of the lesion or of
the organ. The RC method was demonstrated by Tran-Gia et al. [24] to
be the most accurate respect to others based on enlarged VOI, peak-ml
and the fixed threshold. However, one of its limitations is that it does
not take into account the spill-over from other regions. Algorithms that
account for this were already proposed, as the GTM or the mMGM well
described by Erlandsson et al. [25]. However these techniques are
difficult to implement, and usually lead to noise-amplification or image
artefacts [26]. Therefore a RC-based method may be preferred in

a Sphere phantom b Anthropomorphic phantom
‘ ’ i
0.8F Ir i .[
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&) &) 0.6
o o
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0 : : 0 : -
0 20 40 60 80 0 500 1000 1500
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Fig. 3. RCs for the Sphere phantom (a) and Anthropomorphic phantom (b). The exponential RC curves and the R? and RMSD values are also reported in the graphs.
Note for left kidney and right kidney only one RC point is distinguishable in the graph because of their similar value.
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Fig. 4. Accuracy of the activity quantification for all inserts of Geometrical phantom, in case of no PVC and in case of PVC.
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-40
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Fig. 5. Accuracy of activity quantification for inserts of Anthropomorphic
phantom, in case of no PVC and in case of PVC.

clinics.

The choice to use two different phantoms for determination of the
RC has been made considering the clinical applications. PVC is in fact
applied to lesions and organs, which span a large interval of volumes,
from the smallest lesions (in accordance with the spatial resolution
limit) to the largest organ size (e.g.: liver). Lesions are generally not
characterized by a specific shape and it’s very difficult to find the most
accurate RC for each lesion geometry. Lesions have the most different
shapes and naturally show very dissimilar geometries from a sphere. It
would be impossible to take into account experimentally all the oc-
curring geometries in practice. For this reason in the current study
authors considered the spherical geometry as representative for the
category of the lesions when extrapolating the RC curve, and studied
the influence of the asphericity on the RCs when testing the RC curve.
In fact, the acquisition of additional phantoms with various geometrical
shapes has permitted to evaluate errors that result from the spherical
approximation. As regards organs, instead, we considered a single PVE
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model that includes all organs (i.e. a phantom containing all inserts was
scanned). Although more accurate values of RC would be obtained if
every single organ had been considered (i.e. by acquiring each organ
separately), this method is easier for clinical practice and allows to
perform only one phantom acquisition. A further acquisition of the
anthropomorphic phantom has permitted to evaluate accuracy of
quantification using this simplified modeling.

A marked improvement in the quantification of activity was ob-
served when correction for PVE was adopted. Average percentage error
over all inserts passed from —26% to 1.3% (from 26% to 10% as ab-
solute values) when activities were corrected for PVE. However the
improvement in activity quantification is not the same for all the in-
serts, but it mainly depends on the size and the shape of the VOLI. Fig. 4a
(Toroid) shows the correction of activity is not enough to compensate
for the displaced counts because of PVE, while it involves an over-
estimation of activity in case of the other inserts (Fig. 4b—d). PVE cor-
rection decreased the discrepancy in activity quantification from —66%
to —22% for the three toroids and from —19% to 4% for the other
inserts. This highlights a clear dependence on the shape of the VOI and
suggests that, using simple spherical inserts, activity quantification will
be the less accurate the more the geometry differs from spherical
shapes. Dependence on the shape of the VOI is quantitatively evaluated
in Fig. 6, where Error (%) of PVC activity versus ASP (Eq. (7)) is plotted.
A strong linear correlation between Error (%) and ASP was observed
(R% = 0.922), as reported in the figure. Inserts with the same shape
(vertically in the graph) showed higher value of Error (%) for larger
volume (see the Toroids (To) and the Pears (P)), even if this trend was
not observed for the Ellipsoid (E). A possible hypothesis to explain these
results might be that relation between PVE and volume depends on the
shape of the VOI (for example this relation is exponential in case of the
spheres). Hence, the relation between Error (%) and volume will most
likely be different depending on the shape of the insert. However,
evaluation of this dependence is beyond the scope of this study, and
could be investigated in a further study.

Similarly results for the Anthropomorphic phantom were shown in
Fig. 5: the correction of activity is not the same for all the organs and it
involves an overestimation in case of spleen. Using only one RC curve
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Fig. 6. Error(%) of PVC activity as a function of the ASP for the Geometrical phantom. The value of the Pearson correlation coefficient (R?) is reported in the graph. A
distinct data point format was used for inserts with different shape or equivalent diameter.

for all organs probably does not allow to take into account the differ-
ences in the PVE due to the different shape of the organs. Furthermore,
the spill-over between the inserts of organs, which are closer to each
other than the inserts placed in the ‘geometrical phantom’, probably
involves an increased RC, especially for the spleen, which is close to the
liver and the left kidney. Fig. 3 shows that RC value calculated for the
spleen is far from RC curve fitted in the plot, and consequently com-
pensation for PVE is too large. More accurate results would be most
likely obtained using a curve for each organ, as also suggested by Ro-
binson et al. [27], but it would be necessary to have different inserts for
each organ, with various volumes. This is not easy in practice on a large
scale at present. The use of a single RC curve for all the organs, how-
ever, provides an approximate improvement in the quantification of
activity, though it has some limits.

The results of this work could be improved if the signal/background
ratio were considered. As reported by Shyam et al. [28] the spill-in
depends on this ratio and affects the PVE. However in this experiment
this ratio was very low or almost absent in phantoms, and the con-
tribution of spill-in was negligible.

More accurate estimates of RCs might be obtained with simulation
study of whole imaging process. These algorithms require long time for
the simulations, but if optimized this time could be reduced [29] and
the algorithms more easily implemented in practice. Complete correc-
tion of activity quantification, nevertheless, is difficult to perform,
especially in clinical practice [30]. One of the main limitation of this
method based on physical measurements is the fact that not all anato-
mical structures can be well approximated by simple geometrical
shapes, and anatomical variability between different patients is not
easy to account for. The assumption that the VOI is placed into one
homogeneous surrounding activity is not always valid, and signal/
background ratio cannot be easily defined. In addition to this, PVE
depends on the tomographic scanner, on the processing (image acqui-
sition settings and reconstruction algorithms, scatter correction, VOI
definition technique, ....) and on the measurement procedure. RC
should be calculated individually for each scanner in all centres, but a
standardized procedure to define these coefficients should be in-
vestigated.

5. Conclusion

This study has provided a practical method for PVC based on
phantom measurements and on RC curve.

Although some approximations are inherent in this method, a
marked improvement in the activity quantification was observed. The
RCs can be easily estimated in each institute by following a standard
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procedure, or using more complex phantoms if higher accuracy is de-
sired. The importance to calculate RCs for lesions and organs, and to
characterize the RCs for different geometrical shapes are the main is-
sues pointed out with this study.
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