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Introduction
Radioembolization of liver malignancies with 90Y microspheres is a form of
brachytherapy that delivers radiation from β- emitting microspheres that are
injected through the hepatic artery. The microspheres may be made of resin
(SIR-Spheres®; Sirtex Medical Limited, Sydney, Australia) or glass (TheraSphere®;
BTG, Ottawa, Canada). Yttrium-90 is a β-emitter with a mean range in tissue of
3.8 mm [1]. Ninety percent of the emitted energy is absorbed within a radius of
5.3 mm [2]. The microsphere delivered dose is analogous to a permanent
brachytherapy implant.
Current practice uses manufacturer recommended prescription activity and dose
calculations, derived from the Medical Internal Radiation Dose (MIRD) Committee
of the Society of Nuclear Medicine, which are based on the size of the intended
treatment volume [1,2]. The MIRD formalism assumes a uniform distribution of
the activity throughout the injected areas of the liver and does not provide
information about the actual distribution of microspheres in tumors and
normal tissue.
Quantitative patient-specific 90Y dosimetry has been studied using bremsstrahlung
single photon emission computed tomography (SPECT)/computed tomography
(CT) and positron emission tomography (PET/CT) [3-5]. Voxel-based dosimetry
models, such as the Local Deposition Method (LDM), have been developed that
convert the activity distribution in 90Y SPECT and PET images to absorbed dose
distributions [6]. The LDM method has been implemented within the yoSphere™
image-guided Y90 dosimetry software and will be discussed in greater detail,
along with SPECT/CT and PET/CT 90Y imaging, in the following sections.

Quantitative 90Y Imaging
The β-radiation emitted by 90Y interacts with body tissues and results in
bremsstrahlung photons. Traditionally, SPECT/CT has been regarded as the
gold-standard modality to image the biodistribution of this radionuclide. However,
the low photon yield and continuous nature of the bremsstrahlung X-ray spectrum
make SPECT imaging involving 90Y technically challenging [4]. For this paper, 90Y
SPECT/CT images were acquired and reconstructed following the approach by
Siman et al. [4]. The acquisition of 90Y SPECT was optimized using a primary
energy window of 90-130 keV and a background compensation energy window
of 310-400 keV on a Siemens Symbia SPECT/CT (Siemens Medical Solutions Inc.
Malvern, PA). The SPECT images were acquired with a matrix size of 128 x 128,
4.8 mm pixel size, 28 s/view for 128 views over 360 degrees. SPECT images were
reconstructed using the manufacturer’s three-dimensional ordered-subset
expectation maximization algorithm using 8 iterations with 16 subsets, geometric
collimator response modeling, CT-based attenuation correction using effective
energy of the imaging window, dual energy window-based scatter correction,
and a 9.6 mm FWHM post-reconstruction Gaussian filter [4].
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On the other hand, 90Y decay may result in emission of a positron-electron pair.
Despite the branching ratio of pair-production being quite small, (~32 ppm), more
recent studies have shown 90Y PET/CT to be feasible in phantoms and patients
[5-7]. Advanced correction techniques for scatter, random, and attenuation
effects that are clinically available for 18F PET can be directly applied to 90Y PET
[8]. The 90Y PET images in this paper were acquired on a Siemens Biograph mCT
Flow with a 30 min acquisition time using continuous motion of the patient table.
PET images were reconstructed using the manufacturer’s three-dimensional
ordered-subset expectation maximization algorithm using a 4.1 mm pixel size,
1 iteration with 21 subsets, 5 mm Gaussian filter with point spread function
resolution recovery, time-of-flight, and CT-based attenuation correction [7].

90Y Dose Calculation Model
The RapidSphere™ 90Y dose calculation uses the local deposition method (LDM)
[3,9,10], which was previously demonstrated to be the most accurate when using
SPECT and PET imaging [6,11]. In this technique, 90Y β-particles released by decay
within a voxel deposit all energy locally within the same voxel. This is an accurate
approximation considering that the mean range of β-particles in tissue is 3.8 mm
which is within the typical SPECT/PET voxel size. The absorbed dose within a voxel
is where A = injected activity, LSF = lung shunt fraction, T1/2 = 90Y physical half-life
(64.08 hours), Eavg = average β-particle energy per disintegration (0.935 MeV),
Cvoxel = counts within voxel, ∆V = voxel volume, ρ = tissue density, and Ctotal = total
counts within the patient (excluding the lungs). The only patient-specific parameters
that need to be manually entered into the software prior to the dose calculation
are the injected activity (GBq or mCi) and the lung shunt fraction (expressed as
%). The default tissue density is set to that of soft tissue (1.04 g/cm3).

Dvoxel
=

A (1 - LSF) T1/2 Eavg
Cvoxel C
∆V ρ ln(2)
total

Phantom Study
Dosimetry using 90Y SPECT/CT and PET/CT was compared using a phantom
study. The phantom consisted of two regions, a 10 cc gelatin suspension of 90Y
microspheres (simulating a GTV) surrounded by a 200 cc plastic/gelatin region
(simulating a segment of the liver). The GTV region was created by mixing a 5%by-weight solution of gelatin with hot water and 90Y microspheres. This solution
was stirred during rapid cooling within an ice-water bath resulting in a uniform
distribution of microspheres. This was necessary to prevent microsphere
sedimentation due to gravity. The total 90Y microsphere activity was 0.66 GBq
with a prescription dose of 160 Gy. SPECT/CT and PET/CT imaging of the
phantom was performed as inputs for the LDM conversion to dose within
RapidSphere™ (Figure 1).
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Figure 1: The SPECT/CT of the liver segment phantom which consists of two regions, a 10 cc
gelatin suspension of 90Y microspheres (GTV) surrounded by a 200 cc plastic/gelatin region
(liver segment). The GTV and liver segment are displayed in red and orange, respectively.

Figure 2 illustrates the dose-volume histograms of the GTV and Liver Segment for
both SPECT/CT and PET/CT 90Y dosimetry. The dosimetric goals were to cover at
least 98% of the GTV with the prescription dose (V160Gy ≥ 98%) while keeping
the mean dose to the rest of the segment (Segment – GTV) below 70 Gy. In this
example, only the 90Y PET dosimetry was able to satisfy the dosimetric goals. In
contrast to SPECT dosimetry, the PET dosimetry method calculated much higher
local doses within the GTV that are characteristic of brachytherapy. This result is
consistent with Elschot et al which demonstrated that time- of-flight PET-based
90
Y dose estimates were more accurate than SPECT-based dose estimates which
produced large underestimations in high-dose regions [12].
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Figure 2: Dose-volume histograms for both SPECT (solid) and PET (dashed) dosimetry.
The dosimetric goals were to cover at least 98% of the GTV with the prescription dose
(V160Gy ≥ 98%) while keeping the mean dose to the rest of the segment (Segment – GTV)
below 70 Gy. In this example, only the 90Y PET dosimetry was able to satisfy the dosimetric
goals. Also, the PET dosimetry method calculated much higher local doses within the GTV
that are characteristic of brachytherapy.
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