ACTA ONCOLOGICA
2021, VOL. 60, NO. 8, 1045-1053
https://doi.org/10.1080/0284186X.2021.1936164

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ N Checkforupdates‘

ORIGINAL ARTICLE

Toward PET/MRI as one-stop shop for radiotherapy planning in cervical
cancer patients

Sahar Ahangari® (®, Naja Liv Hansen?, Anders Beck Olin?, Trine Jakobi Nettrup®, Heidi Ryssel®, Anne Kiil
Berthelsen?, Johan Lofgren?, Annika Loft?, Ivan Richter Vogelius® @, Tine Schnack™, Bjoern Jakoby®, Andreas
Kjaer®’, Flemming Littrup Andersen®9, Barbara Malene Fischer®9"* () and Adam Espe Hansen®9*

@Department of Clinical Physiology, Nuclear Medicine and PET, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark;
bDepartment of Oncology, Section of Radiotherapy, University of Copenhagen, Rigshospitalet, Denmark; “Department of Gynecology,
University of Copenhagen, Copenhagen, Denmark; “Department of Gynecology and Obstetrics, Odense University Hospital, Odense,
Denmark; ¢Siemens Healthcare Sector, Erlangen, Germany; ‘Cluster for Molecular Imaging, University of Copenhagen, Copenhagen,
Denmark; °Department of Clinical Medicine, University of Copenhagen, Copenhagen, Denmark; "The PET Centre, School of Biomedical
Engineering and Imaging Sciences, Kings College London, St Thomas’' Hospital, London, UK; 'Department of Diagnostic Radiology,
Rigshospitalet, University of Copenhagen, Denmark Copenhagen

ABSTRACT

Background: Radiotherapy (RT) planning for cervical cancer patients entails the acquisition of both
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI). Further, molecular imaging by
Positron Emission Tomography (PET) could contribute to target volume delineation as well as treat-
ment response monitoring. The objective of this study was to investigate the feasibility of a PET/MRI-
only RT planning workflow of patients with cervical cancer. This includes attenuation correction (AC)
of MRI hardware and dedicated positioning equipment as well as evaluating MRI-derived synthetic CT
(sCT) of the pelvic region for positioning verification and dose calculation to enable a PET/MRI-
only setup.

Material and methods: 16 patients underwent PET/MRI using a dedicated RT setup after the routine
CT (or PET/CT), including eight pilot patients and eight cervical cancer patients who were subse-
quently referred for RT.

Data from 18 patients with gynecological cancer were added for training a deep convolutional neural
network to generate sCT from Dixon MRI. The mean absolute difference between the dose distribu-
tions calculated on sCT and a reference CT was measured in the RT target volume and organs at risk.
PET AC by sCT and a reference CT were compared in the tumor volume.

Results: All patients completed the examination. sCT was inferred for each patient in less than 5s.
The dosimetric analysis of the sCT-based dose planning showed a mean absolute error (MAE) of
0.17+0.12 Gy inside the planning target volumes (PTV). PET images reconstructed with sCT and CT
had no significant difference in quantification for all patients.

Conclusions: These results suggest that multiparametric PET/MRI can be successfully integrated as a
one-stop-shop in the RT workflow of patients with cervical cancer.
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Background delineation of the clinical target volume (CTV) and organs at
risk (OAR).

In RT planning, computed tomography (CT) remains the
primary imaging modality for patient positioning and a pre-
requisite for dose calculations. For patients with cervical can-
cer, target volume delineation mainly relies on magnetic

Cervical cancer is common cancer affecting middle-aged
women [1]. Two types of radiation therapy (RT) constitute
the cornerstone of initial treatment: external beam radiation
therapy (EBRT) and brachytherapy (BT) [2-4]. Despite recent

improvement in therapeutic ratio, the incidence of recur-
rence in cervical cancer is approximately 25% [1,5]. The appli-
cation of advanced RT techniques significantly improves the
safe delivery of increased doses to the target volume while
sparing the adjacent normal tissue and critical organs [6,7].
Therefore, optimized methods are required for more accurate

resonance imaging (MRI) due to its high soft-tissue contrast
[8]. The application of positron emission tomography (PET),
as well as modern functional MRI techniques, can noninva-
sively visualize different aspects of tumor biology [9-11].
However, systematic registration errors between planning CT
and other modalities can have a major impact upon the
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delivered dose to the target volume. Therefore, integration
of multi-parametric PET/MRI into a one-stop-shop RT plan-
ning workflow of patients with cervical cancer could be a
powerful strategy to improve target definition, while mini-
mizing inter-modality registration errors and the number of
examinations [12].

However, replacing CT and MRI with a combined PET/MRI
for RT planning still remains challenging [13,14]. MRI images
are typically affected by geometric distortion, which may
also be induced by the PET components [15]. This is particu-
larly problematic for RT planning as it directly translates into
inaccurate target volume delineation and dose calculation
[16]. In addition, RT planning requires reproducible patient
positioning during both imaging for treatment planning and
throughout treatment. Thus, to enable PET/MRI-only treat-
ment planning, patient-specific information about tissue
composition is required as a reference image for position
verification prior to the treatment [17]. CT is also essential to
achieve accurate radiation dose calculation for radiotherapy
[12,18,19]. Several approaches have recently been proposed
to generate synthetic CT (sCT) from MR images [20-23].
However, MR-derived sCT is challenged by the variety of tis-
sue types and bowel gas present in the pelvic region.
Promising results have recently been achieved using deep
learning (DL)-based methods, particularly convolutional
neural network (CNN) [24-27], but most studies are focusing
on MRI-only RT planning rather than PET/MRI [28-30]. This
comes at the expense of the challenges associated with PET
attenuation correction (AC) and fitting the RT equipment
into the 60cm bore size of current integrated PET/MRI sys-
tems. PET images need to be quantitatively correct in order
to be clinically used for target volume delineation. Several
methods were proposed to improve vendor-provided MR-AC
method [31]. Nevertheless, PET/MRI lacks a clinically accepted
standard AC method, as compared to PET/CT. In addition,
positioning equipment and MRI hardware are significant
sources of photon attenuation in hybrid PET/MRI systems
and must be considered in the AC process [32,33]. RT equip-
ment was first introduced for PET/MRI of the head and neck
region [34] and later for PET/MRI imaging from head to
abdomen [13]. However, the feasibility of a dedicated PET/
MRI RT setup for the cervix has not yet been demonstrated.

The objective of this study was to investigate the full inte-
gration of hybrid PET/MRI functional imaging into RT plan-
ning of cervical cancer patients. This includes the technical
challenges regarding attenuation correction of MRI hardware
and RT positioning equipment as well as generating MR-
derived sCT of the pelvic region for position verification, PET
AC, and dose calculation.

Material and methods
Patients

This paper presents data from a total of 34 patients under-
going whole-body CT (or PET/CT) prior to regional PET/MRI
of the pelvic region. These patients were included in three
groups: (1) eight patients (pilot patients) were used to opti-
mize the setup and the scan protocol. (2) for clinical

feasibility, another eight patients (study patients) with cer-
vical cancer (FIGO stages>IB2-IVA) referred for treatment
with radio-chemotherapy were included, and (3) scans from
18 patients with gynecological cancer (GC patients) plus the
eight pilot patients were used as training data for synthesiz-
ing CT images. All patients gave written informed consent,
and the study was approved by the local ethics committee
(H-2-2012-128, H-18042903, H-16047996).

Treatment position: using dedicated RT equipment

Patients were positioned in the supine position, reproducible
for later RT treatment, using a dedicated RT set up (Figure
1(A)) including a PET and MR compatible flat table overlay
(Medibord Ltd.), designed for the Siemens Biograph mMR
system. The table is equipped with a coil holder with a
height of 25cm that attaches to the semi-circular recessed
indexing points on the table. A custom-made coil holder,
3.5cm higher was used for larger patients. The coil holder
was placed in one of the predefined positions to provide full
coverage of the pelvic region.

The patient’s arms were folded over their chest and both
legs fixated using the dedicated MR compatible knee and
feet fixation device (Combifix", CIVCO Medical Solutions).

Patient data acquisition

CT imaging

Prior to EBRT of the eight cervical cancer patients, planning
CT was carried out on a stand-alone CT scanner (Somatom
Definition, Siemens Healthineers) in RT treatment position.
The CT scans were performed with a tube voltage of 120kV
and tube current of 170 mA.

CT images of the pilot and GC patients were acquired in
routine position from a whole-body PET/CT examination
(Siemens Biograph mCT, Siemens Healthineers) with intraven-
ous (IV) contrast, as part of the clinical routine with a tube
voltage of 120kV and reference mAs of 240 using
CareDose 4D.

PET/MRI imaging
PET/MRI examinations were carried out on a whole-body
hybrid  PET/MRI  system  (Biograph mMR, Siemens
Healthineers). Study patients were scanned 30min after
injection of 200 MBq ®3Ga-NODAGA- E[c(RGDyK)]2 (RGD), an
in-house developed angiogenesis PET tracer [35], and PET
data was acquired in list-mode over 1 bed position in 20 min
acquisition time. One of the patients was not administered
RGD due to tracer production issues. PET image reconstruc-
tion was performed offline (e7tool, Siemens Healthineers)
using the 3D ordinary Poisson ordered-subset expectation
maximization (3D OP-OSEM) algorithm, 3 iterations, and 21
subsets, and a Gaussian filter with 4mm full width at half
maximum (FWHM).

Simultaneously with PET, T1, and T2 weighted turbo-spin
echo (TSE) sequences were acquired along with the standard
axial Dixon-VIBE (volumetric interpolated breath-hold
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Figure 1. (A) Example of a patient in RT position using dedicated MRI compatible positioning equipment, and (B) generated AC map of RT set-up incorporated
into the hardware AC map. (C) A representative multi-parametric PET/MRI image dataset with simultaneous RGD-PET/MRI of a cervical cancer patient.

examination) sequence to provide the AC map. Centralized
on the primary tumor, axial DW-MRI and DCE-MRI (with
0.1ml/kg dosage of gadolinium-DTPA contrast agent)
were performed.

An additional PET was acquired over two-bed positions
(3 min/bed) together with a Dixon-VIBE sequence to cover
regional lymph nodes and the FOV needed for treatment
planning. The scan protocol is described in detail in Table 1.

The pilot patients performed the same protocol, only
immediately after routine 2-deoxy-2-['®Flfluoro-D-glucose
(FDG) PET/CT with no additional radiotracer injection. PET/MRI
of the GC patients was also acquired after a routine FDG-PET/
CT but not in treatment position. Only the Dixon-VIBE
sequence from the GC patients was used in the present study.

RT component attenuation map

An attenuation map of stationary hardware components cov-
ering the whole axial area within the PET/MRI gantry was
provided by the vendor in linear attenuation coefficients
(LAQ) at 511 keV.

In order to add the equipment into the existing hardware
AC map, the approach suggested by Paulus et al. [13] was
used. The entire RT overlay, coils and coil holders, with MR
visible markers, were CT scanned in a Siemens TruePoint 64
PET/CT scanner as well as in the PET/MRI system. The RT
table overlay, attached coils and coil holders were seg-
mented manually on CT images and registered to the MRI to

be added to the right position in PET/MRI hardware AC map.
Attenuation values were converted from Hounsfield Units
(HU) to linear LAC at 511keV using standard bi-linear trans-
form method [36]. The image was blurred with a 5mm
Gaussian filter and then integrated into the existing hard-
ware AC map.

PET/MRI distortion

The geometric distortion level was evaluated using a commer-
cially available 2D spatial integrity phantom (Fluke
Biomedical, Everett, WA). The grid portion of the phantom
was scanned at three different orientations using a T2
weighted TSE sequence (recommended by the phantom
manufacturer) as well as a Dixon sequence employed for sCT
generation as explained below (see Table 1) with the field of
view (FOV) = 350 x 350 mmZ. Distortion level was assessed by
comparing the detected cylinder center location on images
with the ground truth as previously described [37]. The spatial
integrity analysis tool (ViewRay) was used to obtain the loca-
tions of ground truth. The passing condition for geometric dis-
tortion of each marker is Tmm within 100mm radius and
2 mm within 175 mm radius from the center.

sCT generation: deep learning approach

A deep convolutional neural network (CNN) in U-Net archi-
tecture [38] was developed to generate sCT from
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corresponding Dixon in-phase and opposed-phase images.
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6 MV X-ray beams was created to deliver 45Gy/25 fractions
(1.8 Gy per fraction) to the planning target volume (PTV). To
evaluate the performance of sCT for dose calculation, target
volume delineations, as well as delineations of OAR, were
transferred to the sCT. The treatment plan optimized on
planning CT was copied to the sCT and a forward 3D dose
distribution within the body contour was performed accord-
ingly. The Acuros XB (version 13.7.14) dose calculation algo-
rithm was configured using the reference dataset.

Dose-volume histogram (DVH) were exported for the tar-
get volumes and different OAR. The comparison between
sCT and planning CT dose distributions was performed by
evaluating mean and maximum absorbed dose (Dmeans Dmax)
or the dose delivered to X% of the volume (Dyq) including
PTV, sigmoid, and bowel.

In addition, the voxel-wise relative difference map of dose
distribution between plans was computed within body con-
tour, PTV, and OAR.

Results

Sixteen patients with an average weight of 75kg (range:
53-101kg) underwent PET/MRI using the RT positioning
equipment as shown in Figure 1(A). The smaller coil holder,
provided by the vendor, could fit on 10 patients and the
remaining patients could be scanned using the custom-made
coil holder with larger size without any discomfort. The scan
protocol was optimized using 8 pilot patients and the study
patients with cervical cancer referred for RT treatment were
examined using the entire scan protocol. Figure 1(C) shows
an example of acquired multiparametric images. The quality
of the anatomical MRI images was evaluated by an oncolo-
gist and a radiologist confirming suitability for RT delinea-
tions in the clinical workflow. The quality of the PET images
was evaluated by an experienced, board-certified nuclear
medicine physician and tracer uptake in tumor volume
was observed.

The average geometric distortions evaluated for the T2-W
images and Dixon images were less than 1mm. Dixon
sequence passed the spatial integrity test with a 100% pass
rate under all three orientations. The passing rate for T2-w
images was 100% within the 100 mm radius and 100%,
98.2%, and 95.3% within 175 mm radius around the isocenter
for axial, sagittal, and coronal images, respectively.

The CT-based attenuation map of the RT setup was gener-
ated and incorporated into the hardware AC map as shown
in Figure 1(B). sCT of volumes for the eight study patients
were generated using the trained network. Figure 2(A) shows
the sCT compared to planning CT for three subjects in differ-
ent orientations. According to the error map, the sCT was
very similar to the CT, but slightly blurred, with a mean abso-
lute error of 23.7+41.3 HU across the body contour. The
absolute mean difference between registration of CT and sCT
to the CBCT was 0.16+0.12, 0.28+0.18 mm, and 0.25%+
0.29 mm in AP, LR, and SI direction respectively.

The reconstructed PET images for all patients demon-
strated an excellent agreement between SUV values of
PET¢cr and PETr within the tumor volume (Figure 2(B)).
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To evaluate the performance of sCT for dose calculation,
the sCT was generated over two bed positions covering the
volume needed for RT planning. Dose calculation was then
performed for sCT and compared with the reference as
shown in Figure 3(A). The error map demonstrates very good
agreement between CT- and sCT-based dose calculation with
a mean absolute error of 0.11£0.14 Gy within body contours
and 0.17 £0.12 Gy within tumor volumes. Higher differences
at the edge of the body were observed. An exemplar DVH
for a patient in Figure 3(B), shows no relevant difference in
calculated dose between sCT and CT for PTV, bladder, sig-
moid, bowel, and body contour.

Figure 4 presents the absolute differences between DVH
metrics, expressed as doses computed on the CT and sCT for
all eight study patients. The mean absolute difference for all
metrics considered was below 0.5 Gy in all patients.

Discussion

In this study, we have successfully integrated multiparametric
PET/MRI as a potential one-stop shop into the treatment
planning workflow of cervical cancer patients. Deep learning
inferred sCT from MRI images was employed for attenuation
correction of PET images, patient positioning, and radiother-
apy dose calculations. The proposed set-up provides logistic
benefits for the patient, as well as the potential added value
of multiparametric PET/MRI for personalized RT planning.

The use of a dedicated RT setup was feasible in all 16
patients included in the study with a weight of up to 101 kg.
The scan protocol was optimized to meet the clinical require-
ments for RT planning and scan time was less than 45 min
including preparation time. The RF coil holder can be placed
at different positions along the flat table overlay providing
indexation to enable optimum repeatability of patient posi-
tioning. Further, the indexing system was used to specify the
exact location of the coil holder and facilitate generating a
patient-specific AC map of the setup. Several groups have
investigated the AC of hardware and RT components for
PET/MRI, but with a different setup and for different regions
[34,37,42,43]. Paulus et al. [13] developed and tested RT
equipment for whole-body PET/MRI, but did not include
dedicated RT equipment (coil holder, leg fixation) for imag-
ing of the pelvic region.

We wish to underline that while our setup resulted in clin-
ically acceptable MRI images and accurate PET quantification,
our results go beyond previous studies and evaluates the full
integration of PET/MRI only for RT treatment planning of cer-
vical cancer patients. To create patient specific electron dens-
ity map, we generated a sCT very similar to CT, but with a
blurred appearance specially in the abdomen which could be
the result of respiratory motion and also large voxel size
in MRI.

The mean absolute difference between registration of
CBCT to CT and sCT was less than 0.3mm in all directions.
The result was in agreement with previous studies suggest-
ing that sCT could be used as a reference for positioning
verification and provides an accurate alignment to CBCT [17].
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Figure 2. (A) examples of CT and sCT images of three patients in different orientations. (B) Bar graphs comparing SUV,j,ax and SUV ean Values between PETcr (blue

color) and PET,ct (orange color) in tumor volumes.

Comparing CT- and sCT-based AC, our findings show a
small difference between two methods, which however did
not lead to significant effects on quantification of PET uptake
in tumors. Dosimetric evaluation of sCT compared to CT
revealed essentially identical dose distributions within the
target volume and OAR. The dosimetric error map shows
high intensity at the border of the body, which could result

from the apparent slightly lower resolution of the sCT
images. On closer inspection of the dose difference maps, a
grid pattern can be observed as a result of slight misalign-
ment between CT and sCT. However, the DVH in Figure 3(B)
showed a perfect agreement between the plan based on sCT
and conventional CT confirming that the sCT can be utilized
for treatment planning of cervical cancer patients. Our results
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Figure 4. Absolute dose difference between relevant DVH metrics computed on CT and sCT for study patients in PTV, sigmoid and bowel regions.

are comparable to another study [44] which reported 0.4%
dose difference in PTV between CT and sCT based
dose plans.

In line with previous studies, the error map of the sCT
demonstrated some differences at the bone tissue interfaces
due to inaccuracies in MRI to CT registration [24,26].

Recently, ZeDD (zero-echo-time and Dixon deep sCT) method
has been highlighted for accurate estimation of bony tissues
[45]. However, this method comes at the expense of longer
acquisition time, while our developed deep learning method
relies on Dixon images, which are fast and routine in PET/
MRI. Our findings on PET quantification are comparable with
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a recent study [26] wherein accurate tumor uptake was
observed using sCT for AC. High differences between sCT
and CT were observed around the bladder, most likely
reflecting that the MRI and CT were acquired at different
time points. The sCT, however, is based on a Dixon sequence
acquired at the same time point as PET. Thus, it is likely that
sCT based AC might be more accurate for this purpose than
a separate CT, underscoring the potential of PET/MRI as a
one-stop shop.

Geometrical accuracy is important when MRI techniques
are used to define the boundaries of a tumor volume [16].
According to the study, geometric accuracy of 1 mm in PTV
is desired for MR-guided RT [46]. Based on our phantom
measurements, the geometric distortion was within the
approved range and less in close proximity to the isocenter.
Although it is critical to position the target as close as pos-
sible to the isocenter, this is not always feasible in cervical
cancer due to the fixed table height. However, in our study,
all target volumes were positioned within a 150 mm radius
around the isocenter where the geometric distortion was
less than 1 mm. Given the small geometric distortion of the
Dixon images, dosimetric uncertainties relating to distortion
are expected to be very limited.

The accuracy of the generated sCT relies on an ideal align-
ment between CT and MRI in training data. Given the different
positioning between MRI and CT scans for pilot patients and
GC patients, some residual registration error remains. In both
PET/CT and PET/MRI scans, no positioning equipment has
been used for GC patients, while for pilot patients, only PET/
MRI was acquired in RT position. Another limitation of the pre-
sent study is that the network was trained with both contrast
and non-contrast CTs, which may cause errors in the predicted
sCT map. However, another study [47] evaluated the effect of
IV contrast on dose calculation and confirmed that the differ-
ence between plans based on contrast and non-contrast CT is
clinically insignificant with a relative mean dose of 2%. The
accuracy of the sCT is expected to improve with a larger data-
set for training. However, it should be noted that it is an
inherent property of deep learning-based methods that they
can occasionally fail unpredictably in very few patients, des-
pite performing well in the vast majority. We would therefore
strongly recommend an independent verification of the sCT
algorithm before clinical implementation. Finally, after inclu-
sion and analysis of the 8 patients reported here, a subse-
guent patient was observed not to fit PET/MR coil holder. The
patient had a weight of 137kg. Hence, the requirements of
the RT equipment combined the 60cm bore size of current
integrated PET/MRI systems can be a limitation for
some patients.

In future research, we intend to examine the robustness
of our results by including more data and demonstrate the
potential of improving RT planning by using complementary
information acquired from multiparametric data.

Conclusion

This study demonstrates the successful integration of multi-
parametric PET/MRI for RT planning of patients with cervical

cancer, including dedicated RT equipment and sCT accept-
able for PET AC and dose calculation. Hence, the potential of
multiparametric imaging for contributing to dose planning
can now be evaluated in larger patient groups. The present
work may also serve as an inspirational set-up guide for
other groups embarking on PET/MRI for improving RT plan-
ning in patients with cervical cancer.
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