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Objective The overall aim of this work is to optimize the
reconstruction parameters for low-dose yttrium-90 (90Y)
PET/CT imaging, and to determine 90Yminimum detectable
activity, in an endeavor to investigate the feasibility of
performing low-dose 90Y imaging in-vivo to plan the
therapeutic dose in radioembolization.

Materials and methods This study was carried out using a
Siemens Biograph 6 True Point PET/CTscanner. A Jaszczak
phantom containing five hot syringes was imaged serially
over 15 days. For 128 reconstruction parameters/
algorithms, detectability performance and quantitative
accuracy were evaluated using the contrast-to-noise ratio
and the recovery coefficient, respectively.

Results For activity concentrations greater than 2.5MBq/ml,
the linearity of the scanner was confirmed while the
corresponding relative error was below 10%. Reconstructions
with smaller numbers of iterations and smoother filters led to
higher detectability performance, irrespective of the activity
concentration and lesion size. In this study, the minimum
detectable activity was found to be 3.28±10% MBq/ml using
the optimized reconstruction parameters. Although the
recovered activities were generally underestimated, for
lesions with activity concentration greater than 4MBq/ml, the

amount of underestimation is limited to −15% for optimized
reconstructions.

Conclusion 90Y PET/CT imaging, even with a low activity
concentration, is feasible for depicting the distribution of 90Y
implanted microspheres using optimized reconstruction
parameters. As such, in-vivo PET/CT imaging of low-dose
90Y in the pretherapeutic stage may be feasible and fruitful
to optimally plan the therapeutic activity delivered to
patients undergoing radioembolization. Nucl Med Commun
38:985–997 Copyright �c 2017 Wolters Kluwer Health, Inc.
All rights reserved.
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Introduction
Selective internal radiotherapy (SIRT), also known as

liver radioembolization, is a promising technique for

patients with primary or metastatic liver cancer. In this

technique, yttrium-90 (90Y) radionuclides are coated with

resin or glass microspheres and are locally injected near

the tumor by catheterization [1].

Some characteristics of 90Y make this radionuclide an ideal

isotope for the treatment of liver lesions in the radio-

embolization technique. In particular, 90Y is an almost pure

β emitter (99.98%) and has a long half-life of 64.2 h [2]. The

mean and maximum energy of emitted particles are 0.94

and 2.28MeV, respectively, providing mean (maximum)

tissue penetration of 2.5mm (10mm) [2,3].

Although the application of 90Y in radioembolization has

increased, current methods for calculating the optimized

therapeutic activity are rudimentary. The body surface

area (BSA) method and the partition model are two

common techniques [3,4]. Imaging through technetium-

99m macroaggregated albumin (99mTc-MAA) as the

radionuclide surrogate is considered to be the best pre-

therapeutic dosimetry technique in clinics [3]. However,

this method leads to significant complications. Specifically,

the distribution of 90Y is assumed to match that of a dif-

ferent radiopharmaceutical. Nonetheless, the in-vivo dis-

tributions of these two radionuclide may differ because of

several factors including differences in catheter placement

and injection techniques, and different physical char-

acteristics such as nonidentical particle sizes, different flow

between 99mTc-MAA and 90Y microspheres, and different

energy radiation of 90Y (bremsstrahlung emission) com-

pared with that of 99mTc, resulting in different quantitative

accuracies [5–7].
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In any case, a precise activity distribution is required to

perform accurate dosimetry in the pretherapy stage using

low-dose 90Y injection and to ultimately calculate the

optimized therapeutic activity for radioembolization.

In this respect, we propose a novel approach based on

low-dose 90Y injection in the pretherapy stage and to

directly make use of PET/CT imaging of the real activity

distribution in-vivo to optimize the injected therapeutic
90Y activity for SIRT. It should be noted that in this

technique, in the first place, a small fraction of the

therapeutic dose should be injected to the patient. Then,

the sufficient required activity would be determined

using PET/CT imaging of the same radionuclide.

Subsequently, the residual of the required activity could

be injected into the patient using the same catheter

position and injection technique. In this scheme, the first

injected part of the activity, used to perform patient-

specific dose planning, is considered the initial fraction of

the therapeutic dose.

SPECT/CT and PET/CT scanners are two imaging

modalities used to determine the radionuclide distribu-

tion [8,9]. To estimate the activity distribution of 90Y

radiopharmaceuticals, SPECT/CT imaging is possible by

bremsstrahlung radiograph emissions [10]. Although

reconstruction algorithms are being improved [10–12],

the images suffer from unreliable quantification and

insufficient spatial resolution. As such, further research is

essential to quantitatively evaluate the dose distribution

on the basis of SPECT/CT imaging [10,11,13]. A recent

study reported promising results for bremsstrahlung

imaging of 90Y using pinhole collimators [13].

The small positron branching ratio (the ratio between the

numbers of emitted positrons to electrons) that is attrib-

uted to the zirconium-90 transition, following its β decay,

provides the possibility of 90Y PET imaging. However,

this results in weak signals from 90Y PET imaging com-

pared with usual PET tracers. In 1938, Arley and Moller

[14] theoretically investigated this transition. Greenberg

et al. [15] reported a positron branching ratio of

3.6 ± 0.9× 10− 5 for 90Y for the first time. The most recent

positron branching ratio determined by Selwyn et al. [16]
was equal to 3.187 ± 0.47× 10− 5.

Different studies have shown the feasibility of using PET/

CT for depicting the distribution of implanted 90Y micro-

spheres [17–21]. The associated quantitative analysis can

potentially provide a solid foundation for accurate dosimetry.

These studies mainly focused on lesions with high activity

concentrations (generally several MBq/ml). However, the

activity concentration in the pretherapy stage should be

limited. Accordingly, it is essential to first investigate the

minimum detectable activity (MDA) of low-dose 90Y using

PET/CT imaging to determine the feasibility of lesion

detectability incorporating pretherapy dose, which is an

important component of the present work.

The PET/CT imaging of low-dose 90Y results in a limited

number of true coincidences even over a scan duration of

30–45min/bed position. Consequently, the detection and

quantification performance can especially depend on the

reconstruction parameters, lesion size, and activity con-

centration. In this study, the impact of aforementioned

parameters on detectability and the quantification

assessment is explored.

The study aims to (a) optimize reconstructions for low-

dose 90Y PET/CT imaging to enable more accurate

quantification and higher detectability performance; (b)

determine 90Y MDA in an endeavor to investigate the

feasibility of applying low-dose 90Y in-vivo imaging for

estimating the therapeutic dose in SIRT toward more

accurate treatment planning; and (c) evaluate quantifi-

cation and detectability performance for the defined

optimized reconstructions in an LSO-based PET/CT

imaging system as a function of both hot-sphere size and

activity concentration. We emphasize that past work, in

different imaging contexts, has shown that detectability

versus quantification may be optimized distinctly

[22–25], given the different underlying tasks, and as

such, we also aim for distinct optimization.

Materials and methods
PET/CT acquisition setup

The study was carried out using a Siemens Biograph 6

True Point PET/CT scanner (Siemens, Erlangen, Germany),

equipped with resolution recovery, also known as resolution

modeling or PSF modeling [26,27]. The coincidence window

was set to 4.5 ns and the patient port aperture was 70 cm.

In all studies, low-dose CT scans were obtained before PET

scans and used for lesion localization, attenuation, and scatter

corrections.

Phantom study
A Jaszczak phantom containing five hot syringes (internal

diameters 30.5, 22, 17.5, 13.65, and 9.15 mm) was filled

with a uniform concentration of 90Y to achieve a 40 : 1

syringe-to-background ratio (SBR). SBR was selected so

that a high tumor uptake in comparison with the back-

ground was realized [28]. The volume of the phantom

was 3 l and it was initially filled with an activity con-

centration of 180 kBq/ml of 90Y chloride. The entire

phantom was centered in the field of view (FOV) of the

PET scanner and the images were acquired at a single-

bed position. Detector events of PET/CT acquisition

were collected for 45 min and the phantom was imaged

serially 11 times over 15 days.

PET/CT measurement
For the Siemens Biograph 6 PET/CT scanner, 90Y is not

provided on the isotope list at the scanner console. Thus,

the 86Y template was used as an alternative isotope for

the acquisition procedure. This isotope has different

tracer parameters from those of 90Y. Accordingly, the
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activity concentrations were not reported on the basis of

PET/CT images because of electron or positron emission

of 90Y. To account for this discrepancy, a correction factor

was applied to the reconstructed data on the basis of 86Y

measurements to achieve quantitative results according

to those of 90Y [21]. This correction factor was derived

from the intraframe decay correction for each isotope (as

expressed, e.g., in Goedicke and colleagues [21,29]):

DC Ið Þ¼ TNðIÞ
1�exp½�TN Ið Þ� ; (1)

where TN(I)= ln 2ð Þ� TA

T1 = 2 Ið Þ, T1/2(I) is the half-life of the

isotope (I), and TA is the acquisition time in the same unit

as T1/2(I). According to this formula, the correction factor

can be expressed as the quotient of correction terms for

each isotope, that is, DC (90Y)/DC (86Y):

Correction factor ð86Y ! 90YÞ¼
T
1 = 2

86Yð Þ
T
1 = 2

90Yð Þ
� 1� exp ½�TN

86Y
� ��

1� exp ½�TN
90Yð Þ�: (2)

For the acquisition time of this study (45 min) and the

half-life of 86Y (48 min) [21], a factor of 0.74 should be

multiplied by the reconstructed data to obtain accurate

results for 90Y.

Furthermore, it should be noted that the measured

activity of 90Y is a result of electron energy depositions,

whereas PET/CT image is formed on the basis of pho-

tons created through positron annihilations. As such, for

the activity concentrations based on the PET/CT

reconstructed images, the positron branching ratio of 90Y

is also considered.

The linearity of PET/CT imaging was evaluated for the

task of quantifying 90Y activity. The initial activity con-

centration in hot syringes started from 7.23MBq/ml

decreasing to 0.19MBq/ml. The activity concentrations

for 11 different time-points during 15 days of imaging are

shown in Table 1.

True activity concentrations in each time-point were

computed on the basis of the physical decay and the

results were compared with the activity concentrations

measured from PET/CT images. As shown in Fig. 1a, a

linear fit was applied to the two sets of the achieved

results to examine the relationship between the true and

the measured activity concentrations, and to evaluate the

saturation or biasing effects. The percentage of the

relative errors along the activity range is shown in Fig. 1b.

It should be noted that although the total injected

activity in SIRT is known and locally stable, the FOV of

the PET scanner may not totally cover the application

region. Consequently, calibration of the scanner is

required to perform precise image-based dosimetry.

The LSO scintillation crystals used in our Siemens

Biograph PET/CT scanner have intrinsic radioactivity.

Lutetium-176 (176Lu) emits electrons, followed by one or

more γ-ray emissions and true counts are detectable even

without the presence of radioactivity in PET FOV

[30,31]. These true and random counts, as a result of the

natural radioactivity, lead to an intrinsic background

[30,32] that can mask weak signals. Moreover, 90Y brems-

strahlung emissions also contribute toward the background

signal. This portion of the background signal depends on

the total activity concentration of 90Y after injection, the

scanned object, as well as attenuation correction and

reconstruction algorithms.

To calculate the background signal, we plot the activity

concentration in the hot syringes without background

subtraction versus time. The extrapolation shows an

offset that is equal to this background signal [33] as

shown in Fig. 2.

Reconstruction method and parameters
In this study, four OSEM reconstruction parameters were

adopted: the number of iterations (Ni), the number of

subsets per iteration (Ns), the smoothing filters, and the

application of the resolution recovery technique (HD).

The attenuation-corrected and scatter-corrected sino-

grams were applied using low-dose CT images. The

applied postsmoothing filters include all-pass, as well as

Gaussian filters with full-width at half-maximum

(FWHM) values of 3, 5, and 8 mm.

We consider a set (A) of 13 values below as representing

the product of Ni and Ns values:

A= {4, 8, 12, 14, 16, 21, 24, 28, 32, 42, 56, 63, 84}.

The number of evaluated reconstruction parameters is

determined by values of set A, the number of smoothing

filters, and the application of HD, leading to 128 con-

figurations. To investigate the impact of increasing the

iteration on the detectability and quantitative accuracy,

1–4 iterations were considered. A maximum of four

iterations was selected to restrict noise amplification.

For each activity concentration, the raw data are recon-

structed on the basis of the described variations, and the

impacts of reconstruction parameters on the detectability

performance and quantitative estimation were evaluated.

Table 1 Activity concentrations in syringes and phantom backgrounds

Elapsed time (h) 0 24 72 96 120 144 168 192 240 288 336
Activity concentration in syringes (MBq/ml) 7.23 5.58 3.32 2.56 1.98 1.53 1.18 0.91 0.54 0.32 0.19
Activity concentration in phantom (MBq/ml) 0.18 0.14 0.08 0.06 0.05 0.04 0.03 0.02 0.01 0.008 0.004

Optimized low-dose 90Y PET/CT imaging Khazaee et al. 987
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PET/CT images were reconstructed both with PSF mod-

eling (TrueX reconstruction) and without PSF modeling

(three-dimensional iterative OSEM algorithms). Further

postprocessing of datasets as well as visualization of the

results were performed using Matlab (R2008b; The

Mathworks, Nattick, Massachusetts, USA).

Data analysis

To evaluate the impact of reconstruction parameters on

the detectability performance and quantitative accuracy,

the contrast-to-noise ratio (CNR) and activity recovery

within predefined volumes of interest (VOIs) were cal-

culated for various reconstruction parameters.

Detectability
As the small positron branching ratio of 90Y results in

weak signals for this radionuclide compared with the

common PET tracers, lesion detection with 90Y PET

imaging has been the subject of some research [28,30,34].

It should be noted that higher lesion-to-background ratios

correspond to enhanced image contrast. At the same time,

statistical noise levels also play an important role in the

detection performance of lesions incorporating 90Y and

they should be considered as well. Consequently, the

CNR index based on the following formula represents a

more thorough metric to assess detectability performance

using the Rose criterion. On the basis of the Rose cri-

terion, an object is considered discernible when the cal-

culated CNR values exceeds ~ 5 [35]:

CNR¼Clesion�Cbackground

sbackground
; (3)

where Clesion and Cbackground denote the lesion and the

background signals, respectively, and σbackground is the

variability in background intensity [35].

As an alternative to performing extensive multiple-noise

realization measurements, we follow an approach similar

to Carlier et al. [28]. Accordingly, 20 regions of interest

(ROIs), each containing 32 voxels, were chosen randomly

in the background region. These background ROIs were

selected in such a way that they are at least three voxels

away from each other and at least four voxels away from

phantom boundaries. Hence, the correlations between

ROIs were avoided and various statistically independent

ROIs were implemented [28,36]. The background noise

for each of the selected ROIs, s j
B, was calculated on the

basis of the following formula [28]:

s j
B¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

32

X32
i¼1

ðAaverage�AiÞ2
vuuut ; (4)
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where Aaverage is the average activity inside each ROI and

Ai represents the activity of each voxel in the recon-

structed image. The total background noise of the

reconstructed image was measured on the basis of the 20

defined ROIs in the background region of the afore-

mentioned transverse slice as follows [28]:

sB¼ 1

20

X20
j¼1

s j
B: (5)

The transverse slice used to measure the background noise

was selected in such a way to align with sphere centers that

were chosen for data analysis. The above measure provides

a nearly equivalent measure of variability for a signal

achieved from a single voxel [28] for a lesion consisting of

N voxels, Eq. (3) is then modified as follows [37]:

CNR¼Clesion�Cbackground

sbackground
�

ffiffiffiffi
N

p
: (6)

The shapes of the filled part of the syringes are close to

the circular-shaped objects. Bright et al. [38] assessed

various contexts of simulated noisy micrographs based on

human observers. They recommended that circular-

shaped objects were detectable if the corresponding

CNR exceeded 8. Therefore, the limit of CNR as a

detectability threshold is modified to be greater than 8 in

this work. To find the best reconstruction parameters for

detectability, the CNR parameters were measured for all

128 configurations in the first day of imaging and the

achieved results were compared for all the syringes.

Quantification accuracy
The activity measured on the first day of imaging was used

to calculate the true activity concentrations. Activity con-

centrations at the following imaging time-points were

determined by taking the physical decay of 90Y into account

as illustrated in Table 1. The measurements of activity

concentrations were associated with uncertainties limited to

−15%, which was because of uncertainties in volume and

activity calculations using the Capintec-CRC-25R dose

calibrator (Capintec Inc., Ramsey, New Jersey, USA) [39].

In this study, the reconstructed PET and corresponding

CT data at each imaging time-point were used to

delineate five hot syringes in the phantom. The VOIs are

defined on the basis of a determined percentage of the

maximum PET intensity. The percentage was chosen in

such a way that we achieved the highest conformation

between the volumes measured from CT and PET

images. The mean intensity of all voxels inside this VOI

defines the activity concentration in the corresponding

volume that is associated with the SD. The accuracy of

this measured activity concentration is indicated as the

percentage difference between the expected and

the measured values. To measure the precision of the

obtained data, SD is indicated in terms of the mean

activity concentration. This parameter, which is also

referred to as the coefficient of variation (CoV), is cal-

culated as follows [40]:

CoV %ð Þ¼ SD

Mean
�100: (7)

The accuracy and CoV of the reconstructed activity

concentrations for 11 different time-points for 15 days are

measured for all aforementioned reconstruction

parameters.

The PET-reconstructed activity concentrations in each

syringe for all the imaging time-points are divided by the

calculated activity concentration as follows:

Recovery coefficient¼Measured concentration

True concentration
�100: (8)

The percentage of recovery coefficient (RC) is plotted

for syringes with 9.15 and 30.5-mm diameters for differ-

ent imaging time-points. The activity concentrations in

each syringe measured were compared with the calcu-

lated values (true activity concentration) to evaluate the

quantitative accuracy of the segmented VOIs. The dif-

ference between activity concentrations in the recon-

structed VOIs and the true activity concentration at each

imaging time-point was calculated.

Results
Hardware linearity and background assessment

The linearity of the PET/CT scanner and the activity

calibration method for 90Y imaging was evaluated. The

calculated values were compared with the measured

activity concentrations derived from the PET/CT ima-

ges. This is shown in Fig. 1.

As the linear fit illustrates, there was no saturation or biasing

effect. Moreover, the applied corrections applied to the raw

data to accurately quantify the activity concentration were

confirmed. True activity concentrations (Atrue; MBq/ml) are

related to the measured activity concentrations (Ameasured;

MBq/ml) through the following equation:

Ameasured¼0:9099�Atrueþ0:6864 R2¼0:9918
� �

: (9)

For activity concentrations more than 2.5MBq/ml, the

relative errors are below 10%, whereas this quantity is

below 2% for activity concentrations more than 5MBq/ml

in all the measurements. Furthermore, the average of the

measured activity concentrations in hot syringes using

PET/CT images is plotted against time throughout the

imaging period, without background subtraction, and an

exponential fit is applied to these points. A correlation

coefficient of 0.999 was found between the measured

points and the calculated exponential fit, and the plot has

an offset equal to 0.67MBq/ml (the dash line), which can

be considered the background signal.

Optimized low-dose 90Y PET/CT imaging Khazaee et al. 989
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However, the average activity concentration in cold spheres

(a sphere without activity in the phantom) for all the 11

measurements is 0.70MBq/ml, which is within 4% of the

value calculated with the fitting offset. As such, for the

activity range in this study, the contribution of 90Y brems-

strahlung emission toward the background is less than

intrinsic background because of the 176Lu. At the same

time, it is highly recommended to subtract the background

signal from the measured activity concentration.

The optimized reconstruction parameters

Detectability
In general, it is observed that similar reconstruction

parameters result in identical CNR values for all the

syringes, except for the smallest one.

As is evident from Fig. 3, the CNR value decreases sig-

nificantly for reconstructions with iterations more than

42. The image noise increases as the number of iterations

Fig. 3
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increases, and consequently, the visual performance

decreases. Thus, for a higher detectability performance,

it is essential to use reconstruction parameters with lower

numbers of iterations.

Quantitative accuracy
For each set of the reconstruction parameters, the activity

concentrations (in MBq/ml) for various hot, cold, and

background regions are calculated on the basis of the

reconstructed PET/CT images. To find the optimized

reconstruction parameters of quantitative accuracy, CoV

and accuracy values for all activity concentrations and

reconstruction parameters are considered.

In general, a smaller CoV (SD compared to the mean

value) shows higher precision. In this work, reconstruc-

tion parameters that estimate activity concentration with

high precisions and accuracy values are proposed.

As shown in Fig. 4, the application of smoother filters results

in lower CoV and improved precision. Consequently,

Gaussian smoothing filters with 5 and 8-mm FWHM are

preferred in terms of quantitative accuracy.

As the number of iterations is increased, the estimated

values for the activity concentration also increase until their

curve reaches a plateau, as can be seen in Fig. 5. Further

increase in the number of the iterations would not only

alter the value of the estimated activity concentration but

also amplifies the noise signal. Consequently, the recon-

struction parameters that have the iterations in the begin-

ning of the plateau region improve the accuracy of the

quantitative evaluation.

Evaluating the impact of reconstruction parameters on

Minimum detectable activity
The detectability performances of syringes with the lar-

gest and the smallest diameter for the optimized recon-

struction parameters are shown in Fig. 6. Reconstructions

with smaller number of iterations and smoother filters

lead to higher detectability performance, irrespective of

activity concentration and syringe size.

Generally, decreasing the syringe size and activity con-

centrations degrades the CNR values.

In this analysis, MDA is determined as the activity con-

centration for the smallest volume so that the associated

CNR is greater than 8. As presented in Fig. 7, all the hot

volumes that are reconstructed using the optimized para-

meters are detectable with activity concentrations higher

than 3.28±10%MBq/ml, irrespective of their diameter.

Therefore, theMDA is calculated to be 3.28±10%MBq/ml.

As the CNR decreases slowly with the radioactive con-

centration and the background noise is considerably high

(Fig. 8), a qualitative subjective assessment is performed

by an expert physician. As can be expected, smaller

objects are associated with higher MDA, irrespective of

their activity concentration. Using the optimized

reconstruction parameters, all the hot volumes are visible

for activity concentrations higher than 3.33MBq/ml.

Partial volume effect and activity recovery
We have shown that the hot syringe with the largest dia-

meter is not affected by the partial volume effect (PVE).

Thus, to evaluate the RC when the count statistics are

decreased, the RC is plotted against the imaging time-

points in Fig. 9a. Furthermore, to assess the PVEs, the RCs

of the smallest syringe are shown in Fig. 9b for different

activity concentrations on the first day of imaging.

The RCs for all hot syringes on the first day of imaging are

shown in Fig. 9c. The trends for RCs are identical for all

syringes. The application of Gaussian filters with an 8-mm

FWHM in the reconstruction parameters results in a more

significant underestimation of the activity concentration

compared with the results obtained with a 5-mm FWHM.

Accordingly, smoother filters decrease the RC and the

reconstructed activities would be more underestimated. In

addition, the impact of PVE is more significant for smaller

objects; thus, a steady decline is observed for RCs for

syringes with a diameter less than 30.5mm.

The calibration value is calculated by dividing each measured

activity concentration by the 90Y positron branching ratio [33]

and including the decay correction factor (Eq. 2). The value

of activity concentration in the central cold insertion is con-

sidered the true background concentration and is subtracted

from all the measured activity concentrations in hot syringes.

The accuracy of reconstructed activity concentrations in the

syringes at each imaging time-point for the optimized

reconstruction parameters are calculated. The relative differ-

ences between the expected and the measured activity con-

centrations are averaged over the five syringes as presented in

Fig. 10. Dashed lines indicate a ±15% tolerance, showing

expected uncertainties associated with the ‘true’ values.

For activity concentrations higher than 4MBq/ml, the

relative differences for the reconstructions with four

Fig. 4
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iterations and 14 subsets (4i14s), 2i21s, and 2i14s, using the

Gaussian filter with 5-mm FWHM, are limited to −15%.

For activity concentrations below 2MBq/ml, the under-

estimation is between −20 and −60% for the optimized

reconstructions. In the current study, the non-TOF

Siemens system was utilized, and the estimated values of

activity concentration in hot syringes and background are in

agreement with the research by Willowson et al. [39].

Fig. 5
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Discussion
Potential for a new approach

The therapeutic activity of 90Y to be injected to patients

in radioembolization, which is calculated on the basis of

the partition model, suffers from an associated intrinsic

uncertainty because of the assumption that the spatial

distribution of 90Y microspheres is identical to 99mTc-MAA

surrogates [5–7]. In this study, we proposed a novel fra-

mework to investigate the feasibility of applying low-dose
90Y in-vivo PET/CT imaging to depict the radionuclide

spatial distribution using the optimized reconstructions.

It should be noted that in this technique, dosimetry at

the pretherapeutic stage would be viable only if intrao-

perative PET/CT imaging in SIRT is possible. As such,

in the first place, a fraction of the therapeutic dose could

be injected to the patient. Then, the sufficient required

activity could be determined using PET/CT imaging.

Subsequently, the residual of the required activity could

be injected to the patient in the same session of therapy.

In this scheme, the first injected part of the activity, used

to perform patient-specific dose planning, is considered

the initial fraction of the therapeutic dose.

In addition, in the partition model, the distributions of

microspheres in tumorous and healthy compartments of

the liver are presumed uniform, although various studies

have shown that microspheres prefer to build up inho-

mogeneous clusters at the tumor periphery [4,41–43]. As

such, quantitative analysis and voxel dosimetry are ide-

ally used to estimate the dose distribution in tumorous

and nontumorous tissues, resulting in patient-specific

dose planning to estimate the therapeutic dose in SIRT

in the pretherapy stage.

Optimized reconstruction parameters

Although several studies have investigated the spatial

distribution of the 90Y microsphere within the liver and

adjacent organs [18,20,29], to the best of our knowledge,

low-dose 90Y PET/CT imaging has not been used at the

pretherapy stage to perform accurate dosimetry, given the

low activity concentration. It must be noted that the afore-

mentioned works focused primarily on the quantification

and detection of tumors following radioembolization.

Accordingly, the associated activity concentrations in lesions

were within the therapeutic range. However, in this work,

we attempted to assess the feasibility of pretherapeutic

imaging of lesions incorporating lower amounts of radio-

tracers compared with the therapeutic dose.

Furthermore, the foregoing studies were limited to

merely one or two reconstruction parameters, whereas we

considered a range of reconstruction parameters for

optimized task performance.

Subsequently, in the present study, PET/CT imaging of
90Y was performed for various (n= 11) time-points span-

ning 15 days during which the activity concentrations in

hot syringes decayed from 7.23 to 0.19MBq/ml. The

experimental results for 128 reconstruction configurations

were compared to ascertain optimized reconstructions for

tasks of detectability and quantification.

It was found that reconstruction with iteration numbers less

than 42 resulted in higher detectability performance. By

Fig. 6

CNR versus true activity concentration in a syringe with (a) 30.5 mm of
diameter and (b) 9.15mm of diameter for different optimized
reconstruction parameters. CNR, contrast-to-noise ratio; FWHM,
full-width at half-maximum.
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comparison, higher iterations lead to more accurate quan-

titative assessments of activity concentration on the basis of

PET/CT imaging irrespective of lesion size and activity

concentration. The results are consistent with previous

work in this context, where an identical SBR was selected

as the figure of merit [28]. In that study, two reconstruction

parameters (with one and three iterations) were compared

and it was shown that one iteration provided more appro-

priate performance in terms of detectability, whereas for a

more precise quantification, three iterations were required.

As shown in Fig. 3, the following reconstruction para-

meters are suggested for optimized lesion detectability in

PET/CT imaging of 90Y:

Ni= 4, Ns= 4, HD, and Gaussian (FWHM= 5 mm).

Ni= 3, Ns= 4, HD, and Gaussian (FWHM= 8 mm).

Ni= 2, Ns= 8, HD, and Gaussian (FWHM= 8 mm).

Ni= 3, Ns= 8, HD, and Gaussian (FWHM= 8 mm).

Ni= 2, Ns= 14, HD, and Gaussian (FWHM= 8 mm).

At the same time, although a higher number of iterations

improves quantification performance, it amplifies noise and

increases the number of false positives in lesions that are

small or contain low concentrations because of the impact of
176Lu background [28]. As such, increasing the number of

iterations improves quantitative accuracy, but should be

restricted above a given threshold. This result is in agree-

ment with the data reported by Willowson et al. [39].

In this study, as concluded from Figs 4 and 5, the fol-

lowing parameters showed optimized performance for

accurate quantitative PET/CT imaging of 90Y.

Ni= 2, Ns= 14, HD, and Gaussian (FWHM= 5 mm).

Ni= 4, Ns= 14, HD, and Gaussian (FWHM= 5 mm).

Ni= 2, Ns= 21, HD, and Gaussian (FWHM= 5 mm).

Ni= 3, Ns= 14, HD, and Gaussian (FWHM= 8 mm).

Ni= 4, Ns= 14, HD, and Gaussian (FWHM= 8 mm).

Ni= 2, Ns= 21, HD, and Gaussian (FWHM= 8 mm).

These results are consistent with a previous work in this

context by Goedicke et al. [21] in which the product of

the iterations and subsets of the optimized reconstruction

parameters were equal to or larger than those of the

standard reconstruction parameters. The optimized

number of iterations and subsets in the aforementioned

study are still different from the results in the present

study because of the use of distinct scanners.

These reconstruction parameters markedly improve

detectability performance and quantitative assessments.

In conclusion, two different sets of optimized recon-

structions are introduced for detectability and quantita-

tive accuracy. This is consistent with observations in

other imaging areas that a set of parameters that optimize

detectability do not necessarily optimize quantification

and vice versa [22–25].

Minimum detectable activity

Lesions containing 90Y have low count rates and signals,

and as such, the background signal plays an important

role in detection and quantification. The background

signal is a result of the intrinsic radioactivity performance

of 176Lu in the scintillation crystals (LSO, LYSO) utilized

in some PET scanners [30,31]. The other portion of the

background signal is because of the bremsstrahlung

photons from electrons slowing down in the phantom.

The impact of the background signal depends on the

reconstruction algorithm, the total activity concentration

of 90Y, and the geometry of the scanned object.

It is observed that lesion uptake with activity concentra-

tions below a specific threshold could be masked by the

background signal. In this work, this threshold was found

Fig. 8

7230 kBq/mL 5580 kBq/mL 3330 kBq/mL 2570 kBq/mL

1980 kBq/mL 1530 kBq/mL 1180 kBq/mL 910 kBq/mL

Transverse PET/CT slice of the Jaszczak phantom, crossing all five hot syringes (internal diameters of 30.5, 22, 17.5, 13.65, and 9.15mm) for eight
imaging time-points using the optimized reconstruction parameters.
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to be 3.28± 10% for lesions with 9.1-mm diameter, recon-

structed using the optimized parameters. As shown in

Table 2, for larger lesions, the threshold decreases mark-

edly. For activity concentrations below this threshold, the
176Lu signal has a significant contribution of random

coincidences in the background signal [28]. Resulting in

multiple false-positive foci in the reconstructed image with

moderate intensity, and the number of these false-positive

foci increases for lower activity concentrations. Accordingly,

the required activity concentration for treatment planning

corresponds to the lesion size.

However, as the activity concentration of 90Y in tumors,

following administration of radioembolization therapy, is

of the order of 3MBq/ml, the proposed diagnostic

administration of 90Y is appropriate for lesions whose

diameter exceeds 9 mm. As such, PET/CT imaging of

low-dose 90Y using the introduced optimized recon-

struction parameters, for lesion sizes and activity con-

centrations above a certain threshold, is feasible.

For the reconstruction parameters optimized for detect-

ability, 90Y MDA from PET/CT image is determined

both quantitatively and qualitatively, taking lesion size

and activity concentration into account. Table 2 shows the

estimated quantitative and qualitative MDA for syringes

with various sizes for the mentioned optimized recon-

structions. The limit of detectability depends on the

shape and size of the lesions. The limit of CNR in this

work (i.e. CNR> 8) is chosen according to a study carried

out based on human observers [38]. The quantitative

results achieved are in good agreement with qualitative

assessments. All lesions with activity concentrations

exceeding 3.28± 10%MBq/ml are detectable irrespective

of lesion size. The results achieved are consistent with the

results reported by Carlier et al. [28] and by Van Elmbt

et al. [29], in which the selected SBR was one order of

magnitude smaller than our study (Table 2).

Fig. 9
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Table 2 Minimum detectable activity (MBq/ml)

Syringe diameter (mm) 30.5 22 17.5 13.65 9.15a

Minimum detectable activity
(quantitative assessment)

0.32 1.18 1.53 1.98 3.25

Minimum detectable activity
(qualitative assessment)

0.32 0.91 0.91 1.53 5.58

aFor the smallest syringe, the partial volume effect (PVE) is considered.
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Quantitative accuracy

Because of statistical fluctuations, the measured activity

concentration of a false-positive signal could reach up to a

few MBq/ml. In this study, the associated error margins

for activity concentrations greater than 4MBq/ml are

limited to − 15% for the optimized reconstruction para-

meters, which are in an acceptable range [39]. For activity

concentrations smaller than 4MBq/ml, the count density

decreases noticeably; thus, the magnitude of the mea-

sured signal is in the order of the background noise, and

as such, quantitative estimation is not reliable. For the

evaluated activity concentrations range in this study, the

results achieved are in good agreement with previous

published data [21,28,39] that consistently under-

estimated the quantitative measurements.

In this study, postsmoothing filters with various strengths

were used to investigate impact on detectability and

quantitative accuracy in the reconstructed volumes. The

CNR values were significantly improved by imple-

menting Gaussian postsmoothing filters with higher

FWHM values as smoother filters resulted in greater

noise reduction in the reconstructed images [30].

The results depend significantly on the total detected

counts, and accordingly, on the acquisition duration. In this

study, the implemented acquisition time of 45min resulted

in an acceptable image intensity for activity concentrations

above 4MBq/ml, whereas for lower activity concentrations,

increasing the acquisition time is suggested.

The VOI determination method (using both CT and

PET image to determine the syringe boundaries) has a

considerable impact on the average measured image

intensities. Further increasing the segmented size would

negatively affect the VOI average intensity and accord-

ingly detectability and quantitative accuracy. In parti-

cular, volume segmentation methods can cause an

unavoidable inaccuracy in this context and more resear-

ches are required to standardize the method.

Conclusion
In this study, we concluded that 90Y PET/CT imaging,

even with a very low activity concentration, is feasible,

and is able to depict the distribution of 90Y implanted

microspheres above a certain minimum threshold for

radioactive concentrations and lesion sizes. For the

quantification and detection of lesions, reconstruction

parameters were distinctly optimized.

The proposed framework for in-vivo PET/CT imaging

of low-dose 90Y in pretherapeutic stage could be viable

and may determine the amount of therapeutic activity to

be injected to the patients in SIRT using the introduced

optimized reconstruction parameters. This method

has the significant potential to improve the treatment

efficacy if intraoperative PET/CT imaging in SIRT is

possible.
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