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Abstract: Respiratory motion degrades the quantification accuracy of PET imaging by blurring the
radioactivity distribution. In the case of post-SIRT PET-CT verification imaging, respiratory motion
can lead to inaccuracies in dosimetric measures. Using an anthropomorphic phantom filled with *Y
at a range of clinically relevant activities, together with a respiratory motion platform performing
realistic motions (10-15 mm amplitude), we assessed the impact of respiratory motion on PET-derived
post-SIRT dosimetry. Two PET scanners at two sites were included in the assessment. The phantom
experiments showed that device-driven quiescent period respiratory motion correction improved
the accuracy of the quantification with statistically significant increases in both the mean contrast
recovery (+5%, p = 0.003) and the threshold activities corresponding to the dose to 80% of the volume
of interest (+6%, p < 0.001). Although quiescent period gating also reduces the number of counts and
hence increases the noise in the PET image, its use is encouraged where accurate quantification of the
above metrics is desired.
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1. Introduction

Selective internal radiation therapy (SIRT) is a treatment option for patients with
tumours in the liver that cannot be surgically resected. SIRT is most commonly used to
treat liver metastases from colorectal cancer and hepatocellular carcinoma, and involves
injection of ?°Y- or 1%*Ho-microspheres into the hepatic arterial vasculature [1,2]. Although
SIRT has been in clinical use for over 15 years, the benefits of this treatment remain unclear.
A review of SIRT in randomized controlled trials found a lack of evidence for improved
survival or quality of life for colorectal cancer patients with metastatic disease in the liver [3].
Investigations into the efficacy of SIRT have demonstrated the existence of a strong dose—
response relationship [4-8]. Hence, a personalised, optimised approach ensuring adequate
tumour-absorbed dose may be crucial to increase the efficacy of the technique and to allow
demonstrable and significant treatment benefits.

SIRT dose-response studies generally use *°Y PET imaging to provide estimates of
tumour absorbed doses. Optimisation of the treatment, and dose verification, are hence
reliant on accurate image-derived dosimetry [9]. Respiratory motion during the PET
acquisition degrades the image quality. If left uncorrected, this leads to images with a
blurring of the radioactivity distribution which will produce errors in dosimetry. In the case
of SIRT, it is the motion of the liver that is of interest. This organ typically moves 10-26 mm
cranio-caudally during normal respiration [10,11]. The purpose of the current investigation
was to assess the effect of respiratory motion on tumour absorbed doses calculated from *°Y
PET images following SIRT, and to evaluate the benefits of respiratory motion correction
for this application.

The probability of positron production during °Y decay is extremely low, making Y
a challenging radionuclide to image using PET [12]. Despite relatively high activities in the
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scanner’s field of view (e.g., 0.5-3 GBq), the coincidence count-rate is low, hampering quan-
tification. The quantitative accuracy of *°Y PET in the absence of motion has been evaluated
by several groups [13-16] including a multi-centre phantom evaluation [17]. The consistent
findings are that modern time-of-flight (TOF) PET scanners provide accurate quantification
of radioactivity concentrations in phantoms, subject to the expected errors arising from a
limited spatial resolution. Simulations performed by Ausland et al. [18] predicted that the
errors in tumour dose quantification caused by respiratory motion could be substantial.
The effects of image noise, respiratory motion, and motion compensations for *°Y SIRT have
been considered by Siman et al. [19] who used short-duration images from the National
Electrical Manufacturers Association (NEMA) International Electrotechnical Commission
(IEC) body phantom, filled with '8F, to mimic noisy *’Y acquisitions. With no motion the
quantification was found to be accurate, but large errors occurred when motion was applied
(>50% for some dose measures), with these errors ameliorated by motion compensation
(quiescent-period gating). Effects of respiratory motion have also been studied via simula-
tion for pre-SIRT *™Tc MAA SPECT [20]. Siman et al. [19] suggested that further studies,
using anthropomorphic phantoms, with °°Y PET-CT studies, were needed to confirm the
effectiveness of the motion compensation method. Our investigation addresses this by
using clinically relevant activities of Y within an anthropomorphic phantom specifically
designed for evaluation of SIRT dosimetry [21]. The phantom was filled and imaged several
times to provide a range of activities and contrast ratios. Furthermore, we acquired data
on two time-of-flight PET scanners from different vendors, allowing interpretation of the
results in a wider context as opposed to being scanner-/vendor-specific. Respiratory gating
signals were obtained using external devices, as data driven respiratory gating in clinical
use for 18F and %8Ga based PET [22,23] has yet to be robustly implemented for 0y PET [24].

2. Materials and Methods
2.1. Phantom Experiments

Experiments were performed on a Discovery D710 PET-CT scanner (GE; Milwaukee,
WI, USA) and on a Biograph mCT (Siemens; Knoxville, TN, USA). The Abdo-Man™
Phantom [21] was used as a test object throughout. This is a 3D-printed phantom of the
abdomen, with a fillable liver compartment and fillable spherical inserts. The phantom was
specifically designed to allow a SIRT-like radioactivity distribution to be generated within
an object that mimics the lower-torso in terms of imaging characteristics (i.e., shape and
density). Five inserts were placed within the liver region of the phantom, four of which
were hollow fillable spheres of different diameter (10, 20, 30, 40 mm). The fifth insert was a
40 mm diameter sphere containing a 25 mm diameter solid inner sphere; this insert mimics
the distribution of microspheres in the neovascular rim of a tumour that has a necrotic
or poorly perfused core. Two of the spheres (the 40 mm with solid core, and the 20 mm
diameter) were placed close to the superior end of the liver compartment. The 30 and
40 mm diameter spheres were close to the centre (in the superior-inferior direction) and the
10 mm diameter sphere was located near the inferior end of the compartment. All spheres
were at least 10 mm from the boundaries of the liver compartment.

The phantom was filled with *°Y on four different occasions for each scanner. Four dif-
ferent total activities were used for each scanner, in the range 0.7-3.2 GBq. The spheres
were filled with radioactivity concentrations that were greater than the surrounding liver
compartment. Two sphere-to-liver concentration ratios were tested, 4:1 and 8:1. The total
activity, activity concentrations and concentration ratios were accurately measured during
phantom filling, through use of accurate scales and dose calibrators with calibration factors
for °0Y that are traceable to the national standard.

The phantom was placed on the QUASAR™ respiratory motion platform (Modus
QA; London, ON, Canada), which was set to be either stationary or to move according to
a typical respiratory waveform. The platform translated the phantom axially to simulate
the cranio-caudal motion of the liver during respiration. The maximum displacement
from the central position was set to be £10 or 15 mm. Data were hence acquired with
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maximum displacements between inhalation and exhalation of 0, 20 and 30 mm. The
respiratory motion system includes a platform that moves vertically in-time with the axial
displacement of the phantom. This platform allows attachment of external devices used
for monitoring respiratory motion, from which respiratory gating signals are obtained.
For data acquired on the Discovery D710, the Real-time Position Management™ (RPM)
Respiratory Gating system (Varian Medical Systems; Palo Alto, CA, USA) was used to
track the position of a marker that was placed on the chest-wall platform. The system
uses an infrared video camera for this purpose. For acquisitions on the Biograph mCT,
gating signals were provided by a pressure belt on the same platform (Anzai Medical Corp.;
Tokyo, Japan).

Following a helical CT scan, PET data were acquired for 15 min at a single bed position
which included all spherical inserts. This acquisition protocol matches our local acquisition
protocol for post-SIRT verification imaging [25]. Additional PET datasets were acquired
with the phantom in motion, with motion amplitudes of 10 mm and 15 mm. For acquisitions
with 10 mm motion amplitude the duration was increased, when possible, to 45 min and
the data processed into 3 x 15 min images. This provided additional data to increase the
power of the study. The process was repeated at four phantom activities on both PET-
CT scanners. The total number of 15 min duration sets of raw data was 32. Data were
reconstructed to provide attenuation and scatter corrected PET images. Different image
reconstruction algorithms were tested for the Discovery 710, one based on suggestions
from the QUEST study [17] as optimal for quantitative *°Y imaging, alongside a Bayesian
penalized likelihood reconstruction. For the Discovery 710, the QUEST reconstruction
was the manufacturer’s 3D OSEM reconstruction (VPFX) including resolution recovery
(SharpIR) and TOF data, with two iterations of 24 subsets, without any z-axis filtration
and using a 256 x 256 matrix size (giving voxels of 2.7 x 2.7 x 3.3 mm?3). For the BPL
(Q.Clear) reconstruction, a beta value of 1000 was used [25]. For the Biograph mCT, a
local protocol was followed consisting of the manufacturer’s 3D OSEM reconstruction
(1 iteration, 21 subsets) including resolution recovery and time of flight (without post
filtering). For the cases where motion was present, images were reconstructed with and
without quiescent period respiratory gating (QPG) as implemented by the manufacturers,
retaining approximately 50% of the acquired data within the quiescent phase [26]. For the
Discovery 710, the gating is phase-based (Q.Static™), while for the Biograph mCT it is
amplitude-based (HDeChest™).

2.2. Image Analysis

The images were analysed at a single site using commercial software (Hybrid Viewer
v5.1, Hermes Medical Solutions AB, Stockholm, Sweden). The quantitative accuracy of the
data was first verified for the stationary phantom acquisitions. For each image, 7 spherical
volumes of interest (VOI), each 2 cm in diameter, were placed within the (background) liver
compartment. These regions were placed at least 1 cm from the walls of the compartment
and the inserts and were expected to be free of partial volume effects. We hence expected
the mean radioactivity concentrations to closely match the known activity concentration,
as determined from radionuclide dose calibrator measurements during preparation of
the phantom.

The effects of respiratory motion on dosimetric measures were assessed by inves-
tigating the accuracy of activity quantification for the spherical inserts. Spherical VOIs
were placed on each of the inserts, with the VOI manually centred on the given sphere as
observed in the PET image. The VOI diameters matched the inner diameters of the spheres.
In the case of the sphere with a solid core, two VOIs were analysed: one pertaining to the
hot outer shell (a 40 mm spherical VOI but with a central 25-mm diameter sphere excluded),
and one 25 mm spherical VOI centred on the cold core. These VOIs were repeated with
manual alignment on each image from the study, i.e., for the phantom stationary or moving,
with or without motion compensation via respiratory gating. From the hot spheres, an
activity concentration volume histogram (ACVH) was extracted alongside the VOI mean
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activity concentration (ACnean). From these ACVHs, the dosimetric measure ACgy was
extracted for summary analysis. ACg is defined as the activity concentration threshold
that incorporates 80% of voxels within the VOI. Although other thresholds can be used
(e.g., ACs5p as the median), we narrowed the current investigation to ACgy on the basis
that we expect the mean or median dose to a tumour volume to have a weaker correlation
with tumour response compared to ACg [27], but higher thresholds such as ACq to be
more greatly affected by image noise. Results were converted to recovery percentages (i.e.,
the measured activity concentration as a percentage of the true activity concentration) to
allow comparative analysis across the range of activity concentrations studied. The contrast
recovery for the cold core was calculated as Qc = (1 — Ceore/Cghenn) X 100%, where Ceore is
the VOI mean value of the cold core, and Cgppj the VOI mean of the hot shell. Comparison
of the results for the phantom in motion to those found with the phantom stationary, for
the different sphere sizes, allowed the impact of respiratory motion and motion correction
to be placed into perspective alongside the partial volume effect. Hence, the relative benefit
of respiratory motion correction, in terms of impact on dosimetric measures, was assessed.

2.3. Statistical Analysis

The recovery coefficients from the four hot spherical inserts were used for a multiple
linear regression analysis (IBM SPSS, v28) to determine which variables had a statistically
significant impact on the measured recoveries. The impact of respiratory motion correction
was further assessed by a paired, two-tailed t-test on the recovery coefficients from all
inserts, comparing results from images with and without respiratory gating. The same test
was applied to the ACgy values.

3. Results

The QUEST reconstruction for the Discovery 710 was found to be unsuitable for
analyses at the voxel level and generation of an ACVH due to excessive noise. Hence, we
focused our analysis on BPL images for this scanner.

The quantitative accuracy of the images determined from the background region in
the stationary phantom acquisitions, expressed as the percentage recovery coefficient, was
100.0 £ 7% and 98.2 £ 4% (mean =+ standard error) for the GE Discovery 710 (using BPL
reconstruction) and the Siemens Biograph mCT, respectively. This verifies that the phantom
filling and scanner calibrations were accurate for *’Y. The quantification accuracy of the
background region is presented in Figure 1.

A simple multi-linear model gave a reasonable fit to the recovery coefficients from
the hot spheres, with the multiple correlation coefficient equalling 0.81 and the adjusted
coefficient of determination being 0.65. The coefficients of the model were significantly
different from zero for motion amplitude (p < 0.001) and motion correction (being on or off,
p = 0.003). There was a dependence on the scanner (p < 0.001) and unsurprisingly on the
sphere diameter (p < 0.001), the contrast (p < 0.001) and the phantom activity (p < 0.001).
The model parameters confirmed an increased contrast recovery (+16% per cm) with
increasing sphere diameter over the tested range of 1-4 cm. The application of 1-1.5 cm
motion reduced the contrast (—11% per cm) which was partly compensated by motion
correction being applied (+6.1% on average).

The paired-samples two-tailed ¢-test confirmed that the mean contrast recovery with
quiescent period gating was significantly higher than without gating. For the Biograph
mCT, the mean recovery coefficent, from all studies including motion and for all six VOI,
was 55% without motion correction compared to 59% with respiratory gating (p = 0.007).
For the Discovery 710, the corresponding values were 50% increasing to 55% with gating
(p = 0.003). Similar findings were found when examining the ACgy values from the four
hot spheres, where for the Biograph mCT the mean value of ACgy was 25% without motion
correction compared to 29% with respiratory gating (p < 0.001). For the Discovery 710, the
mean ACgg values were 23% and 29% for uncorrected motion and with respiratory gating
respectively (p < 0.001).
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Figure 1. The quantification accuracy from the seven background regions in images from the
Discovery 710 and Biograph mCT when the phantom was static. Error bars represent standard errors.

Example ?°Y PET images are shown in Figure 2, where the improvement in contrast
provided by gating is apparent at the expense of increased noise.
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No motion no correction respiratory gating
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Figure 2. PET images (coronal slices) from the phantom with and without motion applied. The
upper row of images is from the Discovery 710. The lower row is from the Biograph mCT. The grey
scale maximum equals the true activity concentration in the hot spheres, with minimum at zero.
The activity concentration ratio between the spheres and background was 8:1. For each scanner the
images show a similar slice of the phantom while stationary, while in motion but without correction,
and while in motion with quiescent period respiratory gating. The motion amplitude was 10 mm.
The total activity in the phantom was 1.8 GBq for the Discovery and 1.9 GBq and Biograph. The slice
contains the 40 mm insert with 25 mm cold core, as well as a 20 mm diameter sphere.

Averaged ACVHs are presented in Figure 3, for the case of the stationary and moving
phantom with and without quiescent period gating. The recovery of the *°Y activity within
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the spherical inserts is presented in Figure 4 for which data are grouped by scanner and
contrast ratio, with the presented data being the average of the tests performed at similar
contrast ratios. The impact from the partial-volume effect for the different spheres is
provided by the no-motion data, which is seen alongside the results for respiratory motion
and respiratory motion with gating. The ACg values extracted from the ACVHs are
similarly presented in Figure 5.
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Figure 3. Activity concentration volume histograms for the 30 mm sphere. Each figure part shows
the results for no motion, and when motion is present (10-15 mm amplitudes) either with or without
quiescent period gating. Data are presented as the average ACVH for this sphere from the four
phantom experiments on each scanner. (a) Discovery 710 (BPL reconstruction); (b) Biograph mCT.
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Figure 4. Contrast recoveries for different sphere diameters and types. Each figure part shows the
results for no motion, and when motion is present (10-15 mm amplitudes) either with or without
quiescent period gating. Combined datasets from four phantom experiments on each scanner.
(a) Discovery 710 (BPL reconstruction); (b) Biograph mCT.
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Figure 5. ACg from different sphere diameters. Each figure part shows the results for no motion,
and when motion is present (10-15 mm amplitudes) either with or without quiescent period gat-
ing. Combined datasets from four phantom experiments on each scanner. (a) Discovery 710 (BPL
reconstruction); (b) Biograph mCT.

4. Discussion

Using an anthropomorphic phantom filled with *°Y at clinically relevant activities
placed on a respiratory motion platform, this investigation found that quiescent period
respiratory gating leads to increased accuracy in measures of the activity concentration
in both hot and cold features within a liver region. The study provided consistent results
across a range of clinically relevant activities and at two contrast ratios, for two PET-CT
scanners from different vendors. Our findings agree with expectations based on results
from Siman et al. [19] who performed experiments using a less realistic phantom filled
with a small amount of '8F on a single scanner. Although we found statistically significant
increases in quantification accuracy, we note the data had high variance and the absolute
gains from the application of quiescent period gating were moderate. The impact of the
partial volume effect, seen by the difference in quantitative measures between smaller and
larger spheres, was generally larger than the impact of applying the respiratory motion
correction for the features analysed in this study (diameters ranging from 1 to 4 cm). This
can be seen visually in Figures 4 and 5 but was also evidenced by the coefficients of the
multi-linear regression. A decrease in sphere diameter of 1 cm led to a larger decrease in
contrast recovery (—16%) compared to respiratory motion of 1 cm amplitude (—11% and
—5% for uncorrected data and for quiescent period gating, respectively).

In this study, and in agreement with Hou et al. [16], we noted that the QUEST recon-
struction for the Discovery 710 was not suitable for a voxel-level analyses. We considered
images with relatively high noise to be unsuitable for estimation of the distribution of
activity concentrations within a region. This reconstruction should hence not be used when
a dose-volume histogram analysis is to be performed. The quantitative accuracy of the
QUEST reconstruction was, however, acceptable when assessed using the background
region in the stationary phantom acquisitions, with a percentage recovery coefficient of
104 & 8%. As the QUEST images from the Discovery 710 were too noisy to be subjected
to ACVH analysis our work focused on the BPL images for this scanner. A limitation
of our study is that we only studied images with = 1000 as chosen based on previous
investigations [25]. In the case of a voxel level analysis aiming for accurate estimation of the
distribution of activity concentrations (for accurate DVH generation), high 3 values that
provide smoother images may be optimal [16]. Furthermore, our study investigated only
one method of respiratory motion correction (device-driven quiescent period gating) with-
out optimisation of the retained fraction, which was set at 50%. This method of correction
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was chosen due to the relative simplicity and wide availability of the technique. The aim of
our study was, however, not to optimise imaging parameters, but to demonstrate the extent
to which respiratory motion degrades quantification accuracy, and the extent to which
commonly used quiescent period gating can mitigate these effects. In this regard, our study
shows that respiratory gating can be beneficial. Despite reducing the statistical quality
of the images when discarding 50% of the coincidences, the application of gating was of
net benefit with more accurate quantification of both VOI means and dosimetric measures
such as ACgp. However, we recognise the need for further investigations; for example, it
would be useful from a practical point of view to define a minimum signal-to-noise ratio
for the image (at the voxel level), below which the application of voxel-level dosimetric
measures are not advised. Further development of methods for robust respiratory gating
with retention of all (or most) counts in the case of °Y PET is also needed. This is an
ongoing area of research for 'F PET-CT imaging and the extension of methods, many
of which use image registrations or other data-led techniques, to the case of low-count
Y PET presents a variety of challenges. Without such techniques the justification for
respiratory gating is tempered by the increase in image noise and the detrimental impact
this has on voxel-level, DVH-type analyses. Increased smoothing or regularization of the
image reconstruction (e.g., by increasing the 3 value in BPL) could compensate for the
increased noise but at the expense of reducing spatial resolution. Although *°Y PET is
challenging, we note that the current study did not utilise the most recent generation of
long axial FOV, SiPM-based PET scanners. These offer significantly increased sensitivity
through their extended axial coverage and reduced noise through improved time-of-flight
capabilities, both of which make the newer scanners more suitable for gated *°Y PET. The
image quality for gated studies is also expected to improve if higher activities are present in
the scanner’s FOV. This study investigated the range of activities encountered at both sites
(up to 3.2 GBq).

The use of respiratory gating is becoming more common, and it is noteworthy that
in this patient population the additional radiation dose from a respiratory gated CT is
likely justified given the poor prognosis of patients referred for SIRT. While data-driven
respiratory gating methods for both °°Y PET and CT are yet to be robustly implemented in
clinical practice, it may be appropriate to perform device-based gating of both the PET and
the CT components of post-SIRT therapy PET-CT verification imaging. Accurate alignment
of CT and PET images within the quiescent phase has been shown to be important for
quantification using 18F and ®Ga PET-CT [28], and this is expected to apply equally to
DY imaging.

As evidence mounts for a strong relationship between tumour dose and treatment
response, the need for accurate dosimetry in SIRT also increases. While accurate dose
estimation from pre-therapy imaging can be used to optimise treatment, post-therapy
dosimetry can be used to verify the delivered dose and thus build the evidence base for
the dose-response, allowing the treatment to be refined and to unravel the disease- and
patient-related factors that may alter the dose thresholds for effective treatment.

5. Conclusions
Results from anthropomorphic phantom studies suggest that post-therapy SIRT PET-

CT imaging is improved by quiescent period respiratory motion correction. Specifically,
improved accuracy of tumour quantification and dosimetric measures are predicted.
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