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Purpose: Hybrid PET/MRI has been increasingly incorporated into the practice of radiation
oncologists since it contains both anatomical and biological data and may bring about
personalized radiation plans for each patient. The objective of this study was to evaluate
the feasibility of GTV delineation from hybrid PET/MRI compared with that from current-
practice MRI during radiotherapy planning in patients with colorectal liver metastases.
Patients and Methods: Twenty-four patients (thirty lesions) with colorectal liver metas-
tases were prospectively enrolled in this study. Three physicians delineated the target volume
with the most popular delineating methods—the visual method. First of all, differences
among the three observers were assessed. The difference and correlation of GTV values
obtained by MRI, PET, and hybrid PET/MRI were subjected to statistical analysis after-
wards. Finally, the dice similarity coefficient (DSC) was calculated to assess the spatial
overlap. Based on the value of DSC, we also evaluate the correlation between DSC and
tumor size. GTV-MRI was set as a reference.

Results: There was no significant difference among observers in GTV-MRI (£=0.118,
p=0.889), GTV-PET (¥#=0.070, p=0.933) and GTV-PET/MRI (F=0.40, p=0.961). 83.33%
of GTV-PET/MRI and 63.33% of GTV-PET were larger than the reference GTV-MRI.
Statistical analysis revealed that GTV-PET/MRI (p<0.001) and GTV-PET (p<0.05) diverged
statistically significantly from GTV-MRI. GTV-PET (r=0.992, p<0.001) and GTV-PET/MRI
(r=0.997, p<0.001) were significantly related to GTV-MRI. The average DSC value between
GTV-MRI and GTV-PET was 0.51 (range 0-0.90) and that between GTV-MRI and GTV-
PET/MRI was 0.72 (range 0.42—0.90). There was a positive correlation between the DSC and
GTV-MRI (r=0.851, p<0.05).

Conclusion: With the database used, there is good agreement among observers. Hybrid
PET/MRI in colorectal liver metastases radiotherapy may affect the GTV delineation.
Moreover, the overlap degree between GTV-MRI and GTV-PET/MRI is higher and increases
with volume.
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Introduction

The liver receives a double blood supply from the hepatic artery and portal vein,
which makes the liver a likely site for the growth of metastatic tumors. Studies have
shown that 25-50% of primary tumors can metastasize to the liver during their
progression.’ In addition to regional lymph node metastases, liver is the second
most prone to metastatic disease, often from primary colorectal, breast, lung,
kidney, and skin cancers (melanoma).” Metastasectomy is a radical treatment for
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liver metastases from colorectal cancer. Only a small num-
ber of patients initially undergo surgery, while for patients
with inoperable colorectal liver metastases, stereotactic
body radiation therapy (SBRT) has emerged as an effec-
tive, non-invasive alternative therapy.’ The current
national comprehensive cancer network (NCCN) guide-
lines for colon and rectal cancer support aggressive local
treatment of metastatic sites.*> SBRT characterized by
high-accuracy positioning and dose delivery to the lesions
and minimal exposure to normal tissues, has been applied
in clinical practice. For liver metastases from colorectal
cancer, the damage of SBRT to normal liver tissue is far
less than that of traditional radiotherapy, the incidence of
radiation-induced liver disease (RILD) treated with SBRT
is also significantly reduced and multiple studies reported
excellent local control.®” Tt is crucial to define the target
volumes accurately for colorectal liver metastases SBRT,
which can lead to fewer side effects or better outcomes
with more precise target volumes.

At present, computed tomography (CT) and magnetic
resonance imaging (MRI) are the most common imaging
modalities for detecting and characterizing colorectal can-
cer liver metastases, and are widely used in target volume
delineation. CT or MRI alone can show the morphologic
features of the tumor but not the metabolic activity, while
8F_fluorodeoxyglucose positron emission tomography
("®F-FDG PET) images can reflect the metabolic activity
of the tumor. In addition to its widespread use in the
diagnoses and therapy monitoring of colorectal cancer
patients with liver metastases,” 'SF-FDG PET has
recently increasingly been used in the delineation of target
volumes for radiotherapy. The major disadvantages of
PET/CT are the relatively high radiation dose from the
two components and the relatively low spatial resolution
of PET data. Compared with CT, MRI is more sensitive
and accurate in detecting small liver lesions, which makes
it an alternative to CT in hybrid imaging.'®"!

In recent years, integrated PET/MRI technology has
been put into clinical practice. The hybrid PET/MRI sys-
tem, which combines the metabolic imaging function of
PET with the excellent soft-tissue contrast of MRI, can
provide more clinically relevant information than PET/
CT." It has a great effect on the precise delineation of
the target volume in radiotherapy planning. To our knowl-
edge, there is no report on the target volume delineation of
PET/MRI in colorectal liver metastases radiotherapy plan-
ning. As a consequence, we put forward the hypothesis
that PET/MRI could improve delineating precision in this

situation. The aim of the study was to 1) assess the
differences among different observers; 2) evaluate GTVs’
size and spatial overlap to clarify the role of PET/MRI to
be used to contour GTV.

Materials and Methods

Patients

All of the patients we recruited were over 18 years old.
Patients with other metastases, anaphylactic reaction upon
receiving intravenous contrast medium or '*F-FDG, claus-
trophobia, metal device implantation or an inability to
cooperate were excluded. In the end, 24 patients with
colorectal liver metastases were prospectively enrolled
and underwent PET/MRI scans prior to treatment between
June 2019 and December 2020. This study was carried out
in accordance with the recommendations of the local
ethics committee of our hospital. Written informed consent
was obtained from all participants.

PET/MRI Image Acquisition

The hybrid PET/MRI images were acquired in 3D mode.
All patients received an intravenous injection of '*F-FDG
(0.8-1.0 mCi/kg) 50-60 min before PET image acquisi-
tion. In addition, a six-hour fast and bladder emptying and
normoglycemic control were required prior to PET scan-
ning. To minimize the impact of breathing movements on
the boundary expansion, we used respiratory gating tech-
nology during the scan and the patients were adequately
trained in respiratory movements prior to examination.
During the process of reconstruction, the PET component
of the system adopts Time of Flight (TOF) technology to
display the image, which can reduce noise and provide
higher sensitivity, thus increasing the image quality. The
MRI built into the hybrid system is able to generate
a magnetic field with a field strength of 3T.

The PET image was reconstructed by the ordered subsets
expectation maximization (OSEM) algorithm (including 2
iterations, 20 subsets, 4mm full width at half maximum
(FWHM) Gaussian filter, and a 150x150 image matrix).

The diagnostic MRI scanning included T1-weighted
high-resolution isotropic volume acquisition and T2-
weighted (T2W) 3D volume fast spin echo (FSE) imaging,
both in the axial, sagittal and coronal orientations. T1
sequence parameters: repetition time (TR)/echo time
(TE)=5.04/2.24 ms, 4mm slice thickness, 20% interslice
gap, 350mmx=350mm field of view (FOV), and a 256%256
matrix. Ax FSE T2 sequence parameters: TR/TE=3998/
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88.74 ms, 6mm slice thickness, 20% interslice gap,
300mmx300mm FOV, and a 320%320 matrix.

Tumor Volume Delineation
All diagnostic MRI, PET, and hybrid PET/MRI images were
confirmed by 2 radiologists that one works in the radiology
department and the other in the nuclear medicine depart-
ment, both of whom were board-certified and experienced in
their disciplines. Three experienced radiation oncologists
(A, B and C) performed the tumor delineations indepen-
dently; lymph nodes were not delineated in our work. Thus,
three GTVs (GTV-MRI, GTV-PET and GTV-PET/MRI)
were defined by each of the three observers for each patient.
The GTV-MRI was manually contoured by radiation
oncologists on axial T2-weighted MRI, with agreement by
radiologists of radiology. On the basis of the patients’
clinical history and related imaging examination (includ-
ing MRI, CT and ultrasound), we considered that changes
in mass, and nodule were abnormal and indicative of
lesions. The images and reports of the MRI were blinded.
Until now, manual delineation of '*F-FDG PET-positive
the gold
reproducibility.'? After the radiation oncologists reviewed
the PET images and the hybrid PET/MRI images with the
radiologist of nuclear medicine, PET-GTV and GTV-PET
/MRI were contoured. The GTV-PET/MRI was manually
contoured on fusion of the PET images with the T2W axial

tissues has been standard, despite poor

images. The uptake of '*F-FDG significantly exceeded the
normal surrounding tissue background, which we considered
metabolic abnormalities and indicative of a lesion (Figure 1).

Analysis
Firstly, differences among the three observers were
assessed. Meanwhile, GTVs obtained by PET and hybrid

PET/MRI were compared with the reference GTV-MRI.
The average and median were calculated for obtained
results. In addition, spatial analysis within GTV-MRI,
GTV-PET and GTV-PET/MRI was performed. The DSC
was calculated using the equation: 2 x (ANB)/(A + B),
where A and B represent two volumes, (ANB) represents
the volume of the intersection, and (A + B) represents the
absolute sum of their volumes."® Subsequently, based on
the value of DSC, we also evaluate the correlation between
DSC (GTV-MRI vs GTV-PET/MRI) and tumor size.

All statistical analyses were carried out using IBM SPSS
Statistics for Windows, Version 24.0 (IBM Corp., Armonk,
NY, USA). The results of all quantitative data are expressed
as the mean (SD). One-way analysis of variance (ANOVA)
was used to compare the difference among the observers.
A nonparametric paired-sample Wilcoxon signed-rank test
was used to compare GTVs volumes based on MRI vs PET
and MRI vs PET/MRI. Pearson analysis was used to calcu-
late the correlation between GTV-MRI and GTV-PET,
GTV-MRI and GTV-PET/MRI, DSC and the reference
GTV-MRI. A result was considered statistically significant
if the determined p value was less than 0.05 (p<0.05).

Results

In our study, a total of 24 patients (30 lesions) were
included. Of the 24 enrolled patients, nine had colon
cancer liver metastases, fifteen had rectal cancer liver
metastases, nine were female and fifteen were male. The
median age of the patients was 61 years (range 35-85).
The patients' characteristics are displayed in Table 1.

The GTV-MRI, GTV-PET, GTV-PET/MRI delineated
by three observers were displayed in Table 2. There was
no significant difference among observers in tumor
volume. The MRI-based mean (SD) GTV for all patients

Figure | 73-year-old male with colorectal liver metastases. (A) The green line represents GTV-MRI; (B) The blue line represents GTV-PET; (C) The white line represents

GTV-PET/MRI.
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Table | Patients Characteristics and Volume Results

Characteristics Value
Age

Mean (SD) 60 (13)

Median (range) 61 (35-85)
Primary tumors

Rectal cancer, n (%) 15 (62.5)

Colon cancer, n (%) 9 (37.5)
GTV-MRI, cm®

Mean (SD) 17.32 (18.13)

Median (range) 7.56 (1.05-57.33)
GTV-PET, cm®

Mean (SD) 19.06 (18.97)

Median (range)

10.70 (0.40-65.50)

GTV-PET/MRI, cm’
Mean (SD)
Median (range)

20.06 (20.61)
9.03 (0.72-73.70)

Abbreviations: GTV, gross tumor volume; MRI, magnetic resonance imaging; PET,

positron emi

ssion tomography.

Table 2 GTVs by Three Observers

Observers | GTV-MRI GTV-PET GTV-PET/MRI
(cm:') (cm’) (cms)

A 16.22 (17.03) 18.51 (19.41) 18.75 (18.17)

B 16.39 (17.51) 17.87 (18.80) 19.13 (19.71)

C 19.34 (20.21) 21.81 (21.73) 21.20 (21.73)
F=0.274 p=0.761 | F=0.335 p=0.717 | F=0.131 p=0.877

Note: Data are reported as mean (SD).
Abbreviations: GTV, gross tumor volume; MRI, magnetic resonance imaging; PET,
positron emission tomography.

was 17.32 (18.13) cm’. The PET-based mean (SD) GTV
was 19.06 (18.97) cm>. The hybrid PET/MRI-based mean
(SD) GTV was 20.06 (20.61) cm®. 86.67% of GTV-PET
/MRI and 66.67% of GTV-PET were larger than the refer-
ence GTV-MRI. Statistical analysis showed that GTV-PET
/MRI (p<0.001), GTV-PET (p<0.05) diverged statistically
significantly from the referenced GTV-MRI results
(Figure 2). GTV-PET (r=0.983, p<0.001) and GTV-PET
/MRI (r=0.992, p<0.001) were significantly related to
reference GTV-MRI.

The average value of DSC between GTV-MRI and GT V-
PET was 0.52 (range 0.02—0.83) and between GTV-MRI and
GTV-PET/MRI was 0.72 (range 0.42—0.89). Since the latter
was greater than 0.70, we chose the DSC between GTV-
MRI and GTV-PET/MRI to be assessed the correlation with
the reference GTV-MRI (»r=0.851, p<0.05; Figure 3).

*%k%

100+ =

Tumor Volumes (cm3)
(3]
o
1

Figure 2 Violin plot of GTVs delineated based on MRI, PET and PET/MRI. The
middle line shows the median values and the upper and lower whiskers indicate the
range. Data are presented as the mean+SD (n=30). *p< 0.05, ***p< 0.001.

1.0

DSC (GTV-MRI vs. GTV-PET/MRI)

0.0 y T v T v 1
0 20 40 60
GTV-MRI (cm?®)

Figure 3 The correlation between GTV-MRI and DSC (GTV-MRI vs GTV-PET
/MRI).

Discussion

The hybrid PET/MRI integrates the molecular metabolic
information, morphology and function of the tumor, and
can accurately distinguish the anatomical relationship

5386

Dove!

Cancer Management and Research 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove

Zhang et al

between the tumor tissue and the surrounding adjacent
tissue. At present, there is no consensus on the role of
PET/MRI in delineating GTV, though various methods
have been proposed and used to determine the contouring
of 'F-FDG-positive tissue, which has led clinicians to
reach different conclusions.

Currently, visual contour method—the radiologist iden-
tifies the hypermetabolic region of the tumor and deter-
mine the boundary visually to delineate GTV, is the most
common method, which with lower technical requirements
but highly depends on the observer. Therefore, three doc-
tors with the qualification of attending physician or above
were employed to identify the image, define the target
area, and delineate the target volume. We compared the
difference in the delineation of GTVs by three observers
based on MRI, PET, and hybrid PET/MRI, respectively.
The results (Table 2) showed that there was no significant
difference among observers in tumor volume and it was
concluded that the GTVs delineated had good consistency
among them. And then, the average value was used for
further analysis. We assessed the difference and correla-
tion between target volumes delineated on MRI, PET, and
PET/MRI. Our results showed that GTV-PET/MRI and
GTV-PET were larger than GTV-MRI, GTV-PET/MRI
(»<0.001) and GTV-PET (p<0.05) diverged statistically
significantly from the referenced GTV-MRI. The reason
may be that a microscopic tumor manifestation beyond the
limits of the morphologic tumor volume is easily detect-
able with the PET component. In addition, hybrid PET/
MRI integrates the anatomical-, functional-, and molecu-
lar-level information of biological tissues, which can pro-
vide more clinical correlative information and higher
accuracy. The true threshold of GTV needs to be validated
using anatomical or pathological data, but it is challenging
to obtain pathological confirmation because many patients
with colorectal liver metastases have lost the opportunity
for surgery, or some refused surgery. We speculate that the
larger GTV may avoid the situation in which some lesions
are not contoured in the target area and, therefore, are not
irradiated, which may affect the efficacy of treatment.
A large sample, multi-center, and prospective study is
required to validate the hypothesis in the future.

The study on the target volume delineating with PET in
colorectal liver metastases is rare. Bundschuh et al'*
brought 18 patients with liver metastases (colon, breast
and rectal cancer) into study and evaluate the role of
respiratory-gated '*F-FDG PET/CT for target volume deli-
neation

in stereotactic radiation treatment of liver

metastases. Their study showed that 13.8% GTV-PET is
larger than GTV-MRI and found evidence for that
"F_.FDG PET can improve the GTV delineation in liver
metastases. Studies of other tumor locations (eg, esopha-
gus, lung, pancreas, head and neck) have shown that the
additional biological information of PET affects the varia-
tion in the GTV during radiation therapy, can reduce the
risk of positioning error and influence the normal tissue
dose-volume histogram and the calculation of probability
values in corresponding normal tissue.'>'® Ma et al'®
showed that GTV contouring based on hybrid PET/MRI
for head and neck cancers is feasible and may provide
improved accuracy. In their study, GTVy;s and GTVgys
were larger than GTV)g; with the use of hybrid PET/MRI
images, which was similar to our findings, but tumor site
determinations were different. Zhang et al'® reported that
there were tumor volume discrepancies between GTV-
MRI and GTV-PET for cervical cancer. With the increase
in tumor volume, the difference between GTV-MRI and
GTV-PET increased. But some scholars have come to the
al20
pointed out that the primary tumor volumes with manual
delineation methods from MRI, PET and CT differed
slightly from each other, but the differences were statisti-

opposite conclusion. Samolyk-Kogaczewska et

cally irrelevant. While Wang et al'> demonstrated that
hybrid PET/MRI- and CT-generated GTVs were similar
overall and supplied similar radiation doses to the head
and neck. The types of tumors differ from our study and
the artifacts caused by tumor location, anatomical bound-
aries, clinical situations, and patient cooperation during
examination have a great impact on the quality of the
contouring.?!*

Moreover, the spatial relationships appraisals were per-
formed. The range of DSC is 0—1. The value is 0 when there
is no spatial overlap between imaging methodologies, while it
is 1 when they completely overlap. Higher the DSC values
indicate better coincidence degrees. Some scholars have
noted that a DSC value > 0.7 indicates a better degree of
overlap,” suggesting that DSC may be highly correlated with
the volume change. Our results show that the DSC value
between GTV-MRI and GTV-PET/MRI—0.72—is higher,
and the average DSC values were above 0.7. The DSC
value between GTV-PET and GTV-MRI was 0.52, lower
than 0.7. In addition to the low spatial resolution of PET,
another possible reason is the artifacts due to respiratory
movement. During normal respiratory movement, organs
can undergo displacements of up to 2cm,”* and the liver is
particularly vulnerable to respiratory motion, which may lead

Cancer Management and Research 2021:13

5387

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al

Dove

to the underestimation of lesion uptake and to the possibility
of missing small lesions. Since the DSC between GTV-MRI
and GTV-PET/MRI was greater than 0.70, we investigated
the correlation with the reference GTV-MRI. There was
a positive correlation between the DSC (GTV-MRI vs GTV-
PET/MRI) and GTV-MRI (»=0.851, p<0.05). The value of
DSC is increased with the increase in tumor volume. It means
as the tumor volume grows in size, the spatial overlap
between GTV-MRI and GTV-PET/MRI became better. This
finding is consistent with previous studies.”’

The radiotherapy effects of target profiling based on
PET/MRI are unknown. However, considering the statisti-
cally significant difference in the target volume, we have
reason to suspect that this method has an impact on the
therapeutic effect, which is of major importance for
patients. All these findings inspire us to conduct some
prospective research on the implementation of radiother-
apy planning in future studies. Considering that colorectal
liver metastases SBRT is a very precise treatment techni-
que regarding the tissue exposed to radiation toxicity, any
procedure designed to make radiotherapy planning more
precise is of particular interest. Future studies on tumor
volume delineation based on PET/MRI may benefit from
more advanced technology such as MR-linac, novel radio-
active tracers and respiratory-gated PET(4D-PET).

This study had a certain limitation. We included
a relatively small number of patients. PET/MRI is an emer-
ging diagnostic imaging technology, however, it is still rela-
tively low in popularity at present due to its high price, metal
contraindication during scanning and other reasons. In pre-
vious studies on PET/MRI-guided GTV delineation also
included the small size of samples.'*>'®° For a more spe-
cific and accurate investigation of the advantages of PET/
MRYI, a larger sample size study is required.

Taking into consideration our experience in colorectal liver
metastases and studies of other cancers, we believe that deli-
neation based on hybrid PET/MRI for colorectal liver metas-
tases radiation therapy is worth considering. Further
prospective studies in this and other settings are needed to
assess the optimal use of PET/MRI for target volume
contouring.

Conclusion

Target volume delineation based on hybrid PET/MRI
requires establishing a clear methodology. With the data-
base used, there is good agreement interobserver. Hybrid
PET/MRI in colorectal liver metastases radiotherapy may
affect the GTV delineation. In addition, we found that

GTV-PET/MRI and GTV-PET was larger than GTV-
MRI, which may allow adequate irradiation to the diseased
tissue and better treatment effect. Moreover, the overlap
degree between GTV-MRI and GTV-PET/MRI is higher
and increases with volume. In the future, the role of PET/
MRI in radiation therapy cannot be underestimated, and its
combination of biological and functional information pro-
vides an unprecedented opportunity for the development
of radiotherapy towards more precise and personalized
treatment planning.

Abbreviations

GTYV, gross tumor volume; DSC, Dice similarity coeffi-
cient; SBRT, stereotactic body radiation therapy; NCCN,
national comprehensive cancer network; RILD, radiation-
induced liver disease; CT, computed tomography; MRI,
"F.FDG  PET,
'"®F_fluorodeoxyglucose positron emission tomography;
OSEM, ordered subsets expectation maximization;
FWHM, full width at half maximum; T2W, T2-weighted;
FSE, fast spin echo; TR, repetition time; TE, echo time;
FOV, field of view; OAR, organ-at risk.

magnetic  resonance  imaging;
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