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Background: Y radioembolization is an established treatment modality for hepatic malignancies.
Successful radioembolization requires optimal dose delivery to tumors while minimizing dosages to
parenchyma. Post-treatment positron emission tomography (PET)/computed tomography (CT) dosimetry
is the established benchmark, whereas PET/magnetic resonance (MR) is an emerging modality. The goal of
this study was to assess the intermodality agreement between PET/MR and PET/CT ™Y dosimetry.
Methods: In this single-institution study, 18 patients (20 treatment sessions) with a primary or metastatic
hepatic malignancy underwent both PET/MR and PET/CT after ™Y radioembolization. Patients were
randomized to undergo one modality first, followed by the other. The region of interest was delineated
using MR images and tumor and liver dosimetry was calculated. Intermodality agreement was assessed using
the Bland-Altman method. A generalized linear model was used to assess the effect of baseline variables on
intermodality dose differences.

Results: PET/MR underestimated tumor and liver absorbed doses when compared to PET/CT by -3.7%
(P=0.042) and -5.8% (P=0.029), respectively. A coverage probability plot demonstrated that 80% and 90%
of tumor dose measurements fell within intermodality differences of 11% and 18%, respectively. PET/MR
underestimated tumor dose at both low (<1 GBq) and high (>3 GBq) injected activity levels (P<0.001) by
-22.3 [standard deviation (SD) =13.5] and -24.3 (SD =18.7), respectively.

Conclusions: Although PET/MR significantly underestimated the absorbed dose when compared to PET/
CT, the intermodality agreement was high and the degree of underestimation was better than previously
reported. Intermodality differences were more pronounced at low and high injected doses. Additional studies

are required to assess the clinical implications of these findings.
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Introduction

Y transarterial radioembolization (TARE) is an established
therapeutic modality in the management of primary and
metastatic hepatic malignancies (1,2). Y dosimetry is a key
component of Y TARE treatment (Figure 1). Qualitatively,
it can help assess treatment dose to liver tumor(s) and detect
nontarget hepatic delivery. Quantitatively, it can determine
tumor and nontumor doses to the liver to help establish
dose-response and dose-toxicity relationships. Previous
studies have shown a strong correlation between liver
tumor radiation dose and improved clinical response (3,4).
However, excessive radiation to a liver tumor/segment or to
a lobe can lead to radioembolization-induced liver disease,
gastrointestinal bleeding from ulceration, and radiation
pneumonitis in the case of substantial nontarget dose
delivery (5).

A variety of post-treatment dosimetry methods,
including Bremsstrahlung single-photon emission
computed tomography (bSPECT)/computed tomography
(CT), positron emission tomography (PET)/CT, and PE'T/
magnetic resonance (MR), have been used for post-Y90
assessment (6,7). Although bSPECT/CT has been shown
to predict post-treatment response (8), this modality is
technically limited given its photon scatter, collimator
leakage, and continuous energy spectrum without a defined
peak (thus limiting quantitative accuracy) (9). Further,
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bSPECT/CT provides only low-resolution images, which
may fail to identify small lesions (10). An alternative to post-
"Y bSPECT/CT is Y PET. ™Y decays predominantly via p
decay to "7r at a 1.76-MeV excited state, with further
decay occurring via electron conversion. It is estimated that
3x107 positrons are emitted per decay event, making
PET a useful modality in this setting (11). Although "Y
PET imaging may be degraded secondary to low true-
coincidence count rate and high false-coincidences from
Bremsstrahlung photons, the development of time-of-
flight (TOF) technology has improved Y PET image
quality (12). In comparison to bSPECT/CT, ™Y PET/
CT has been shown to offer superior spatial resolution
and dose quantification, particularly in smaller lesions
(7,13). Therefore, Y PET/CT is currently regarded as the
benchmark post-""Y dosimetry modality (14,15).

PET/MR is an emerging modality for post-""Y dosimetry
imaging, with an early study showing its feasibility in
assessing post-treatment response (16). Benefits of PET/
MR include superior soft tissue delineation for lesions and
segments, as well as considerable reduction in radiation
exposure (17). One major challenge of PET/MR involves
difficulties in attenuation correction related to patients,
scanning table, and radiofrequency coils (18,19). In
addition, a substantial portion of installed PET/MR
scanners, including ones used for this study, lack TOF-
capable PET detectors. In this study, we therefore sought to
assess the intermodality agreement between PET/MR and
PET/CT for measurements of post-""Y TARE dosimetry.
We present this article in accordance with the TREND
reporting checklist (available at https://jgo.amegroups.com/
article/view/10.21037/jgo-23-890/rc).

Methods
Patients

This prospective study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The
study was approved by the Institutional Review Board
of the Cleveland Clinic Foundation (IRB No. 20-232),
and informed consent was obtained from all individual
participants. Patients with a primary or metastatic
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Figure 1 An example of treated tumor with radioembolization and subsequent PET/CT and PET/MR images. (A) Intraprocedural cone-

beam CT image demonstrating a hypervascular segment VIII lesion. (B) Post-"Y radioembolization PET/CT image cannot definitively

confirm adequate tumor coverage. (C) Post-""Y radioembolization PET/MR clearly demonstrates nontarget uptake medially and inadequate

coverage of the lesion posterolaterally (star). PET, positron emission tomography; CT, computed tomography; MR, magnetic resonance.

hepatic malignancy who were scheduled to undergo *’Y
TARE between September 2019 and September 2020
were considered for inclusion in the study. Patients were
excluded if they had contraindications to MR imaging,
if there was a time lapse of >1 hour between PET/CT
and PET/MR, and if there was a time lapse of >6 hours
between the conclusion of the Y TARE procedure and the
completion of both imaging modalities. The time cut-off of
1 hour was chosen to ensure that there were no significant
changes in the distribution of the embolized microspheres
so direct comparisons between the modalities were feasible.
The time cut-off of 6 hours was chosen to ensure optimal
signal given the small branching ratio for pair positron-
electron production. In addition, logistically scanning
more than 6 hours after the conclusion of embolization
procedure likely resulted in patients staying overnight to
be scanned the day after, which was not optimal. Eighteen
patients met the inclusion criteria and were included in the
final study population. Of these patients, 16 underwent a
single treatment session, and the remaining 2 underwent 2
treatment sessions each (for a total of 20 treatment cases).

Macroaggregated albumin (MAA) mapping and *’Y
radioembolization

Pre-"’Y mapping studies and *’Y radioembolization
procedures were performed according to previously
described techniques (20) by seven fellowship-trained
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interventional radiologists with 7-10 years of clinical
experience. Briefly, " Tc-MAA was used to calculate the
lung-shunt fraction and to detect excessive extrahepatic/
intrahepatic shunting. Either resin or glass microspheres
were then used for radioembolization depending on
availability and user preference. The prescribed dose
was calculated based on manufacturers’ instructions for
use, including Medical Internal Radiation Dosimetry for
TheraSphere and body surface area or partition methods
for SIR-Spheres. No advanced or personalized dosimetry
was used for the study since it was not routinely performed
at our institution during the study period.

Imaging protocol

After embolization, patients were randomized to undergo
either PET/CT (Siemens Biograph mCT, software version
VG60, Siemens Healthcare, Erlangen, Germany) or PET/
MR (Siemens Biograph mMR, software version VEI11,
Siemens Healthcare) first, followed by the other modality
within a 1-hour window. PET emission data were acquired
for 20 minutes (if a single bed position covered the entire
liver) or for 30 minutes (if two bed positions were needed to
cover the entire liver).
Several differences between PET/CT and PET/MR
were taken into consideration:
% Attenuation correction and scatter correction: PET/
CT used CT images for PET data corrections,
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whereas PET/MR used MR images (T'1-weighted
Dixon sequences) for those corrections.

% Detector timing resolution: our PET/CT system
uses photomultiplier tubes and is capable of TOF
imaging with a timing resolution of <0.6 ns. Our
PET/MR system uses avalanche photodiodes and
has a timing resolution of 4.2 ns. The PET/MR
system used for this study does not support TOF
imaging, although TOF compatible PET/MR
system is available in the market.

% Bore size: our PET/CT system has a 78-cm bore
diameter, allowing patients to be scanned with their
arms up/above the head [arms-up imaging reduces
attenuation and scatter in the region of interest (ROI)
and improves PET image quality]. Our PET/MR
system has a 60-cm bore diameter, preventing the
use of arms-up imaging in several patients based on
habitus. Of note, no commercially available PET/
MR system has larger than 60 cm bores.

% Sensitivity and dead time: PET/MR detectors are
situated closer to the patient, leading to higher
sensitivity but also increased dead-time loss. PET/
CT detectors are located further away from the
patient, leading to lower sensitivity but decreased
dead-time loss.

The PET/MR software (VE11) generated the mu-map
(used for PET attenuation and scatter correction) directly
from the MR T1-weighted Dixon images using a four-class
segmentation model (lean tissue, fatty tissue, air, and lung).
Images acquired in patients scanned with their arms down
were prone to truncation artifacts.

Imaging analysis

All studies were analyzed by a fellowship-trained nuclear
medicine specialist with 10 years of experience using a
previously published protocol (21). MIM software (MIM
Software Inc., Cleveland, OH, USA) was used to contour
the nontumorous liver/liver parenchyma (referred to as
“liver” in the remainder of this article) and the tumor
margin on MR images (Figure 2). This was accomplished
using a semi-automated method where manual contouring
of the target lesion or liver lobe was performed on a single
MR image of the PET/MR. Then, MIM software was
able to automatically generate contours for the rest of
the MR sequence. Manual adjustment was performed to
fine-tune the contouring. MIM used rigid registration to
align and fuse the attenuation-corrected PET images with
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contoured MR images. Voxel-based, volumetric dosimetry
was automatically calculated using previously Food and
Drug Administration (FDA)-approved and validated
MIM SurePlan™ algorithm (22). The exact mathematical
principles can be referenced from the recent MIM white
paper (23). MR images were used for contouring because
they offer better soft tissue resolution, superior demarcation
of tumor margin, and superior demarcation of liver
boundaries.

The contours were then transferred to the CT portion
of the PET/CT to check for accuracy. If available, tumor
contouring was also confirmed with intraprocedural cone
beam CT by experienced interventional radiologists. If a
discrepancy was suspected, the contours were fused with
cone-beam CT images to further confirm the accuracy of
contouring. MIM software fused the attenuation-corrected
PET images with the contoured CT images, automatically
obtaining voxel-based activities and volumes within the
contoured margins.

Statistical analysis

Baseline variables such as demographics, patient body
mass index, injected activity (GBq), and ROI volumes for
liver and tumor were obtained. If multiple tumors were
present, they were separated into multiple compartments
and analyzed independently. Since the study was intended
only for dosimetry method assessment, no additional
patient demographic information was collected, including
function status, disease burden, and liver function.
Outcome variables included absorbed doses (Gy) for
liver and tumor. Data were analyzed using SAS 9.4 (SAS
Institute, Cary, NC, USA). Means and standard deviations
(SDs) were determined for continuous variables, and
percentages were determined for categorical variables. The
Bland-Altman method was used to analyze the pattern of
differences between dosimetry values obtained with the two
modalities and to test the reproducibility of the methods.
A generalized linear model was used to assess the effect of
baseline variables on intermodality differences in adjusted
absorbed doses, with generalized estimating equations used
to account for multiple tumors in some patients. A P value
<0.05 was considered statistically significant.

Results

The study population consisted of 12 men and 6 women;
2 of the women underwent 2 treatment sessions each. The
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Figure 2 An example of treated tumor with radioembolization and subsequent PET/CT and PET/MR images. Noncontrast CT (A) and
MR (B) images obtained after Y radioembolization. Attenuation-corrected PET images derived from PET/CT (time-of-flight technique)
(C) and derived from PET/MR (T'1-weighted Dixon sequences leading to a 4-class segmentation model) (D). Fused PET/CT (E) and
PET/MR (F) images with contours drawn around the liver (orange), tumor (blue), and lobe separation (white). PET, positron emission

tomography; CT, computed tomography; MR, magnetic resonance.

mean age was 65 years (range, 48—84 years), and the mean =142+197 mL) and from 512 to 2,536 mL for normal liver
baseline body mass index was 25.2+3.2 (range, 20.7-31.9). parenchyma (mean =+ SD =1,156+494).

The injected activity ranged from 0.62 to 4.29 GBq. ROI A total of 29 tumors were treated across the 20 treatment
volumes ranged from 3.5 to 798 mL for tumor (mean + SD sessions. The prescribed radioembolic sphere injection
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was planned to be lobar in 15 sessions, and radiation
segmentectomy was pursued in 5 sessions. TheraSphere
was used in 18 cases (90%), and SIR-Spheres were used
in 2 cases (10%). Tumor types included 11 hepatocellular
carcinomas (HCCs) (55%), 4 cholangiocarcinomas
(20%), 2 melanoma metastases (10%), 2 neuroendocrine
metastases (10%), and 1 colorectal cancer metastasis (5%).
A representative case demonstrating the potential value of
PET/MR to guide patient management is shown in Figure 3.

The liver-adjusted absorbed dose was 53.8+26.7 Gy
for PET/CT and 50.7£25.4 Gy for PET/MR. The mean
intermodality difference was —=3.1 Gy [95% confidence
interval (CI): =5.8 to —-0.35 Gy; P=0.029], representing a
-5.77% underestimation by PET/MR (Figure 44). No
significant correlation was found between the intermodality
difference and liver parenchymal dose (=-0.23; P=0.338,
respectively). The percentage reproducibility coefficient
was 26% (95% CI: 19.9% to 37.6%).

The tumor-adjusted absorbed dose was 259.7+179.7 Gy
for PET/CT and 250.2+176.6 Gy for PET/MR. The
mean intermodality difference was 9.6 Gy (95% CI:
-18.8 to —-0.34 Gy; P=0.042), representing a 3.65%
underestimation by PET/MR (Figure 4B). There was
no significant correlation between the tumor dose and
intermodality difference (r=—0.13; P=0.502). The percentage
reproducibility coefficient was 19.4% (95% CI: 15.4% to
26.1%). When comparing the coverage probability plot,
80% and 90% of tumor dose measurements fell within an
intermodality difference of 11% and 18%, respectively
(Figure 5).

The injected activity was significantly associated with
intermodality dose differences (P<0.001). Body mass
index and tumor volume were not significantly associated
with intermodality dose differences (P=0.428 and 0.683,
respectively). There was significant underestimation of
tumor dose with PET/MR at both low (<1 GBq) and high
(>3 GBq) injected activity levels (P<0.001) by -22.3 (SD
=13.5) and -24.3 (SD =18.7) for nonlinear effect of injected
activity, respectively) (Figure 6).

Discussion

To our knowledge, this is the first prospective study to
assess PET/MR applicability and reproducibility for
post-""Y dosimetry. In this study, we compared post-
Y radioembolization dosimetry between PET/MR and
benchmark PET/CT and found PET/MR significantly
underestimated tumor and liver absorbed doses, particularly

© Journal of Gastrointestinal Oncology. All rights reserved.

361

at low and high injected activity levels.

Our findings were concordant with previous research.
One previous study compared "F-fluorodeoxyglucose
("*F-FDG) PET/CT to PET/MR and found that the
mean and maximum standardized uptake values were
underestimated in the PET/MR group by approximately
10% (24). Another study demonstrated that PET/CT
activity was 20% higher compared to PET/MR in patients
undergoing “*Ga-prostate-specific membrane antigen
(PSMA) imaging (25). Similarly, a study including three
different radiotracers ("F-FDG, "*F-ethylcholine, and *Ga-
DOTATATE) revealed mean and maximum standardized
uptake values that were 11% and 21% lower in the PET/
MR group than in the PET/CT group (26). With regard
to ™Y dosimetry, a recent study demonstrated that PET/
MR underestimated mean liver dose by approximately 10%
in comparison to PET/CT (46.5+22.7 vs. 51.6£24.7 Gy,
respectively, with a mean difference of 5.1+5.0 Gy). In this
study, intermodality mean liver doses showed a difference of
18.5% or lower (27).

The underestimation of PET/MR activity level
and absorbed dose can be attributed to differences in
attenuation correction, ROI tracing, and possible uptake
time bias. In our study, the ROI was the same for both
PET/MR and PET/CT, which eliminated the effect of ROI
tracing. Uptake time bias is commonly seen in radiotracers
that undergo biodistribution, as longer scanning time allows
for increased tracer accumulation within the target organ
(28,29). Theoretically, Y radioembolic microspheres do
not undergo redistribution. Further, in our study, patients
were randomized to undergo either PET/MR or PET/
CT first, thus eliminating the effect of uptake time bias.
Therefore, the intermodality differences are likely due to
differences in attenuation correction, including effects from
multichannel radiofrequency MR coils that are not included
in the attenuation correction. In our study, the intermodality
differences were lower than those seen in previous studies
(3.6% and 5.8% versus approximately 10%). This is
likely reflective of improvements in PET/MR attenuation
correction techniques, as evidence has shown that better
MR attenuation correction may lead to improvements in
measured PET values (30,31). The PET/MR software
(VEL11) used in this study supports extended MR field-of-
view imaging using the HUGE (BO homogenization using
gradient enhancement) sequence. This feature reduces the
arm truncation artifact seen in standard Dixon images. The
arm truncation artifact limits PET quantitative accuracy
and introduces dosimetry errors. With a reduction in arm
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Figure 3 An example of treated tumor with radioembolization and subsequent PET/CT and PET/MR images. (A) Patient with prior partial
right liver lobe resection who presented for *’Y radioembolization of recurrent lesions in segments TVa and IT (thin blue arrows). (B) Post-""Y
radioembolization PET/CT dosimetry suggested inadequate coverage of the segment IVa lesion and no coverage of the segment II lesion.
Blue outline defined the boundary of the tumor. Based on these results, the decision was made to pursue a second Y radioembolization
treatment session. (C,D) Post-""Y radioembolization PET/MR images obtained after the second treatment session clearly demonstrated an
interval growth of the segment II lesion with suboptimal radiotracer coverage (thick blue arrows), as well as adequate treatment coverage
of the segment IVa lesion based on the visual appearance and dosimetry calculations. As a result, the patient was referred for external
beam radiation of the growing segment II lesion. There would have likely been a delay in treatment of this lesion had PET/MR not been

performed. PET, positron emission tomography; CT, computed tomography; MR, magnetic resonance.

truncation artifact, the MR-based mu-map becomes more
accurate, therefore improving PET/MR dosimetry.

In current clinical practice, Y dosimetry is routinely
performed prior to treatment, employing a variety of
dosing models, including body surface area, Medical
Internal Radiation Dosimetry, and the partition model.

© Journal of Gastrointestinal Oncology. All rights reserved.

However, pretreatment dosimetry is inherently limited by
several factors. Radioembolic microspheres are assumed
to distribute uniformly within the treatment zone, an
assumption that does not necessarily reflect clinical reality
(32,33). Therefore, underdosing is common and may have
resulted in underperformance of TARE in recent trials
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Figure 4 Various plots of intermodality differences at varying administered dose levels. (A) The diffliver was plotted against the meanliver.

There was significant underestimation of liver dose with PET/MR but no significant trend between the underestimation and the magnitude of
the liver dose (P=0.338). The mean underestimation was -3.1 (SD =5.9), with 95% CI of -5.8 to —0.35. (B) The difftumor was plotted against
the meantumor. There was significant underestimation of tumor dose with PET/MR but no significant trend between the underestimation and
the magnitude of the tumor dose (P=0.502). The mean underestimation was -9.4 (SD =24.1), with 95% CI of -18.8 to -0.34. PET, positron

emission tomography; MR, magnetic resonance; SD, standard deviation; CI, confidence interval.
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Figure 5 The degree of intermodality agreement was plotted
against the degree of intermodality differences as a percentage of
positron emission tomography/computed tomography value. At a
difference of <18%, more than 90% intermodality agreement was

achieved. MR, magnetic resonance; CT, computed tomography.

(34,35). More recently, a recent study has shown higher
dosing threshold may be needed for optimal response (36),
and personalized dosimetry has been shown to improve
patient outcomes in comparison to standard dosing
regimens, as shown in a prospective clinical trial (37).

In our study, post-treatment, voxel-based dosimetry
could enable assessment of the actual dose distribution

© Journal of Gastrointestinal Oncology. All rights reserved.
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were plotted against the injected activity levels. There was
significant underestimation of tumor dose with positron emission
tomography/magnetic resonance at both low (<1 GBq) and high
(>3 GBq) levels and little bias between 2 and 3 GBq (P<0.001
for nonlinear relationship), suggesting that the magnitude of
underestimation depends on the injected activity level. difftumor,

intermodality difference in tumor dose.

in an individual patient. However, it should be cautioned

that these methods still remain imprecise, as the spatial
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resolution of PET remains limited given the low positron
count. In addition, hepatic dome lesion count measurement
is inherently affected by patients’ respiratory motion, which
may require additional gating techniques (38). Previous
studies demonstrated the value of post-treatment PET/CT
dosimetry to predict threshold doses for liver toxicity (39),
to assess for threshold doses for tumor response (40,41),
and to reconstruct dose-volume histograms (42,43). In
comparison to PET/CT, PET/MR is associated with
decreased ionizing radiation exposure. Further, the superior
soft tissue contrast resolution of MR imaging compared
to CT allows for improved lesion detection. This allows
not only for better assessment of desired target delivery,
but also for identification of nontarget depositions, new
or enlarging sites of hepatic malignant disease (as shown
in Figure 3), and localization to portal vein thrombus that
may not be apparent on unenhanced attenuation correction
CT. The use of advanced noncontrast MR sequences such
as diffusion-weighted imaging can also help assess therapy
response from previous treatment or systemic therapy.
Such information has implications for future treatment
planning and is a potential benefit of PET/MR over PET/
CT. This added value is the underlying rationale for further
investigation of ways to optimize dosimetry calculations
during PET-MR. However, there are also various
challenges associated with PET/MR, including its limited
access, its contraindication in patients with ferromagnetic
implants or foreign bodies, its limited use in patients with
claustrophobia, and its relatively longer acquisition times, as
well as several technical challenges. In particular, MR-based
attenuation correction algorithms are complex. Unlike
PET/CT, in which attenuation correction is proportional to
electron density, MR-based attenuation reflects the proton
density and its relaxation time. MR-based attenuation
correction is also affected by truncation artifacts/limited
field of view, segmentation errors of bone and air, and
MR artifacts secondary to implants and external devices/
coils (44). A variety of techniques have been implemented
to improve MR-based attenuation correction, including
ultrashort echo time-based segmentation, inclusion of bone
compartment, reduction of truncation artifact, and atlas-
based methods (44). A previous feasibility study showed that
PET/MR post-"Y dosimetry enabled construction of dose-
volume histograms as a predictor of treatment response (21).
In a more recent study, investigators found that post-""Y
PET/MR dosimetry could be consistently obtained across
multiple institutions on commercially available scanners
if the tumor diameters were >22 mm, thus supporting
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the use of PET/MR as a method for obtaining accurate
measurements across institutions (45).

This study had several limitations. PET/CT and PET/
MR systems vary among vendors, so the findings from
the current study may not apply to different PET/MR
systems. For instance, our PET/MR scanner does not
support PET TOF technique, which can enhance image
quality. Additionally, the analysis included various hepatic
malignant neoplasms, and prior research indicates that
metastatic disease exhibits different radiosensitivities
compared to primary HCC (46-48). Therefore, similar
intermodality dose differences for primary HCC and
other hepatic malignancies may have different effects on
clinical outcomes, i.e., more radiosensitive tumors may be
more prone to overdose or underdose in when using PET/
MR-based dosimetry. Unfortunately, the sample size of
this study was too small to permit separate intermodality
difference analyses for various tumor types. Nevertheless,
absorbed dose underestimation from post-treatment PET/
MR dosimetry was lower when “Y injected activities were
within 1 to 3 GBq. Although this study demonstrated that
PET/MR significantly underestimated the absorbed dose in
comparison to PET/CT, it remains unclear whether these
differences are relevant with regard to patient care and
outcomes.

Conclusions

The study found that PET/MR dosimetry significantly
underestimated "’Y absorbed dose compared to PET/CT
for both the tumor and surrounding liver tissue. Inter-
modality differences were significant at both low (<1 GBq)
and high (>3 GBq) injected activity levels. Post-treatment
PET/MRI may be more suitable if injected activities fall
outside these extremes. Further research is needed to
externally validate these findings in both non-TOF and
TOF-capable PET/MRI constructs and also to assess the
impact our findings on patient care and outcomes.
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