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Abstract State-of-the art radiotherapy (RT) techniques
have become extremely flexible. As a consequence, highly
conformal target doses in combination with optimal organ-
at-risk sparing are possible. Due to this highly precise
application of complex dose distributions, treatments with
higher radiation doses in the tumor but without increased
toxicity levels are now feasible. This offers the possibility
to adapt dose distributions according to individual radiation
sensitivities as measured with functional imaging modali-
ties. Recently, combined PET/MRI has become available.
This novel hybrid imaging modality offers the possibility
to simultaneously image anatomical, functional and
molecular characteristics of a tumor. Consequently, PET/
MRI may be an optimal basis for RT individualization.
This review discusses different potential applications of
PET/MRI for RT treatment planning, as well as technical
challenges for the integration of multi-parametric PET/
MRI data into RT treatment planning.

Keywords Combined PET/MRI - Radiotherapy - Dose
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Introduction

Technologically highly advanced techniques, such as

intensity-modulated radiotherapy (IMRT) [35], volumetric
modulated arc therapy [38], and proton or particle therapy
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[37], have made modern radiotherapy (RT) treatments
extremely flexible in terms of shaping the delivered target
doses. As a consequence, conformal radiation doses can be
delivered to the tumor volume and, at the same time,
optimal sparing of the organs at risk and surrounding
normal tissue can be achieved [14]. Reliable application of
these complex techniques on a day-to-day basis can be
guaranteed by imaging the patient directly in the treatment
room with e.g., cone-beam computed tomography [43].
Also, techniques that allow the irradiation of moving tar-
gets such as lung tumors are currently being introduced
into clinical RT practice [43]. By combining highly flexible
RT hardware with sophisticated treatment planning soft-
ware, it is now possible to increase the dose inside the
tumor without increasing the toxicity levels [3, 51].

Functional and molecular imaging techniques using
magnetic resonance imaging (MRI) or positron emission
tomography (PET) allow visualization of various patho-
physiological properties of tumors which may be of interest
for assessing individual parameters related to accurate
diagnosis or radiation sensitivity [36, 55]. Consequently,
Ling et al. proposed dose painting to increase the radiation
dose to a biological target volume, which consists of a sub-
volume of the planning target volume (PTV), delineated on
the basis of functional imaging information [28]. A further
refinement of this approach is the possibility to shape the
dose gradually according to the functional parameter val-
ues using dose painting by numbers [3, 5]. Since the idea of
dose painting was first published, several planning studies
have been performed that confirmed the technical feasi-
bility of shaping the radiation dose according to functional
characteristics determined by functional and molecular
imaging with PET or MRI [3, 31, 51].

In addition to PET/CT and MRI, a new hybrid imaging
technology, PET/MRI, has recently entered clinical practice
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[25, 40]. Combined PET/MRI allows the simultaneous
acquisition of PET and MRI images, and thus, might offer
great opportunities for cancer research and therapy [13, 45,
58]. To date, different hardware concepts that combine PET
and MRI have been proposed and realized by different ven-
dors [19]. Basically, three different categories of clinical
PET/MRI hardware can be distinguished: (1) separate gan-
tries in different rooms [56], (2) co-planar concepts where
scanner gantries are in the same room and connected by a
patient handling system, i.e., patient couch on rails [19], and
(3) fully integrated systems [57]. In 2006, a first prototype
system was presented which consisted of a magnetic reso-
nance-compatible PET detector ring that could be inserted
into a clinical 3 Tesla MR scanner. This prototype system
allowed brain imaging only [8, 46]. Realizing an integrated
design is extremely challenging, as the PET detector system
has to be modified to operate in the magnetic field of the MR
scanner [57]. In the meantime, integrated whole-body PET/
MRI systems have also become available (mMR, Siemens
Healthcare). A recent study investigated the performance of
the PET component of the Siemens mMR [11] and showed
results comparable to those obtained with state-of-the-art
PET/CT systems [23]. A major technical challenge of inte-
grated PET/MRI systems is the PET attenuation correction
[21]. While for combined PET/CT, attenuation correction of
the PET emission data is performed using a transformation of
the readily available CT images [26], no such correction maps
are available for PET/MRI. To overcome this lack of infor-
mation, different MR-based attenuation correction (MR-AC)
methods have been proposed. First, clinical PET/MRI sys-
tems use segmentation-based approaches for MR-AC, which
have been shown to work well [6, 33]. More complex strat-
egies, such as the generation of pseudo-CT values using
deformable image registration algorithms in combination
with pattern recognition, have also been developed [20]. A
recent study compared segmentation-based MR-AC to a
strategy using atlas registration and pattern recognition. The
latter was found to provide a more accurate quantitative PET
reconstruction [22]. Nevertheless, MR-AC is a challenging
issue which is affected by a variety of different factors, such
as the use of MR contrast agents, flexible MR body coils and
motion or metal artifacts [10, 30].

This review provides an overview of different PET/MRI
techniques and imaging possibilities, focusing in particular
on the potential role of PET/MRI for RT treatment plan-
ning in the future.

PET/MR imaging for radiotherapy treatment planning
A main aim of integrating anatomical, functional and

molecular imaging into RT planning is to delineate the
target volume as precisely as possible. The requirements, in
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terms of image quality, needed to achieve this goal might
differ considerably from those of diagnostic examinations.
For RT target volume delineation, high, ideally isotropic,
resolution of functional images in combination with high
geometric precision is essential.

Hybrid PET/MRI offers intrinsic co-registration of
anatomical or functional MRI with molecular PET infor-
mation. This hardware alignment is highly beneficial in
terms of accurate target volume delineation, as errors
introduced by subsequent image co-registration are mini-
mized. However, a suitable method for the co-registration
of planning CT and MR image volumes is essential. Fur-
thermore, combined PET/MRI provides logistical benefits.
For example, in patients requiring RT planning CT, MRI
and PET, the total number of RT-specific examinations is
reduced from three to two.

Anatomical imaging such as T2-weighted MRI provides
information about tumor spread. Nevertheless, functional
imaging methods such as ['*F]-fluorodesoxyglucose (FDG)
PET are much more effective for assessing the extension of
the tumor mass in some entities [47]. FDG is the most
frequently used PET marker in clinical practice today. FDG
PET provides information about the metabolic activity of
the tumor and hence, is strongly related to the cell density
in this region. Studies have shown its ability to provide
detailed information about tumor extent, cell density and
the prognostic value of this imaging modality for RT out-
come in different entities [1, 2]. Potentially, FDG will, in
the future, be a key tracer in PET/MRI applications for
different clinical purposes. On the one hand, FDG PET/
MRI allows highly accurate definition of tumor volumes
based on the molecular PET and the anatomical and
functional MRI components. In addition, especially in head
and neck cancer (HNC), FDG PET/MRI might offer pos-
sibilities to determine probability-based measures for the
presence of tumor, a prospect that appears very attractive
for adapted RT strategies.

Other tracers such as [“C]-methionine and [68Ga]-
DOTATOC have also been shown to provide reliable
information about the geometric tumor extension in
meningioma [4, 16]. In prostate tumors, the use of ['cy-
choline (CHO) for assessing the main tumor burden is still
under discussion [54]. Nevertheless, CHO PET/MRI might
be of added value for target volume delineation of primary
and recurrent prostate cancer, as well as in identifying
prostate cancer lymph node involvement [41].

First results show that for accurate contouring of
meningioma, combined [**Ga]-DOTATOC PET/MRI can
improve the quality of target volume delineation and may,
thus, have direct consequences for high-precision RT
treatment planning [52] (Fig. 1).

Also, functional MRI techniques allow visualization of
structural or pathophysiological features of tumor tissue.
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Fig. 1 Combined [**Ga]-DOTATOC PET/MRI (a) and correspond-
ing PET/CT (b) of a 67-year-old meningioma patient. ¢ IMRT
treatment plan, where T2-MRI information as well as DOTATOC
uptake were used to create the gross target volume (GTV). PET/MRI,

Diffusion-weighted (DW) MRI visualizes the mobility of
water molecules in the tissue. Thus, DW MRI images the
‘microanatomy’ of the tumor [55], which is characterized
by the cell density and by the organization of the cellular
and extracellular space. In general, tumors show a reduced
diffusion, which is mainly due to the increased cell density,
but there are also other influencing factors [39]. Dynamic
contrast-enhanced (DCE) MRI consists of a temporal
sequence of images that monitor the influx and distribution
of a contrast agent in vessels and tissue [9]. DCE-MRI
allows the examination of tumor vascularization. Recent
studies have shown that DCE and DW MRI may provide
important information on early treatment response [44].

For improved RT treatment planning, the availability of
simultaneously acquired PET/MRI data may be more
valuable than the availability of combined PET/CT infor-
mation. In particular, when it is necessary to have the
highest possible precision in terms of target volume
delineation, as for example in meningioma and other brain
tumors, PET/MRI may be highly beneficial. Furthermore,
high quality of biological multi-parametric imaging com-
bining PET and MRI measures, which may in the near
future be relevant for adapted RT treatments of HNC, can
only be acquired using PET/MRI (Fig. 2).

Multi-parametric imaging

One of the main advantages of combined PET/MRI is the
possibility of performing high-level multi-parametric
imaging in a simultaneous acquisition setting. As a con-
sequence, different pathophysiological measures, such as
vascularization, metabolism, perfusion or hypoxia, can be
visualized simultaneously on a voxel basis. The integration
of multi-parametric functional imaging data into RT

PET/CT and planning CT were registered using a rigid image fusion
algorithm which is based on mutual information. Planning target
volume (PTV, red contour) was prescribed 60 Gy (color figure
online)

treatment planning offers great opportunities for personal-
ized RT strategies in the future.

A variety of studies have highlighted the extreme
complexity, in many different regards, of tumor biology.
Therefore, to image the main factors of treatment resis-
tance, it may be necessary to apply multi-parametric
imaging sequences in a clinical setting.

The literature contains different studies that investigated
the potential of multi-parametric imaging in RT [12, 17,
24] and concluded that the potential for integrating multi-
parametric imaging into RT planning may be considerable.
Fig. 3 shows an example where multiparametric PET/MRI
data (CHOPET, T2-weighted MRI, DCE- and DW-MRI)
have been used to identifiy the primary lesion for a dose
escalated treatment in prostate cancer. In the case of
prostate cancer, Groenendaal et al. [17] recently developed
and validated a multi-parametric model based on DW- and
DCE-MRI for delineating prostate cancer. The model even
allows the definition of certain risk levels of tumor pres-
ence and may therefore be a robust input for dose painting.
Another study by Turkbey et al. [53] showed that T2-
weighted MRI, DCE-MRI and MR spectroscopy provided
independent, additive information for prostate tumor
detection. In the Netherlands and Belgium, a first clinical
trial has been started in which multi-parametric MRI is
used for dose painting in prostate cancer [29].

Research in the field of functional imaging in HNC, but
also in other tumor entities, focuses mainly on the detection
of tumor hypoxia. Tumor hypoxia is one of the main rea-
sons for increased radiation resistance. As a consequence,
non-invasive detection of the tumor hypoxia could be
extremely beneficial in terms of individual RT adaptation.
Functional imaging of hypoxia could provide a direct
measure of individual radiation sensitivity and thus, be a
powerful input for dose painting. One method of assessing
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Fig. 2 Simultaneous ['®F]-FDG PET/MRI of a 41-year-old patient
with sinus cancer (a) and corresponding PET/CT (b). GTV was
contoured on both T2-STIR MRI and FDG PET data. IMRT plan with

the tumor hypoxia non-invasively is by means of PET
using dedicated hypoxia tracers, such as ['®F]-fluoromi-
sonidazole (FMISO) [18, 42, 50]. Nevertheless, a recent
study showed that due to the extremely complex under-
lying tumor microstructure, hypoxia imaging using
FMISO PET is complex [34]. Since, hybrid PET/MRI
allows visualization of different pathophysiological
parameters, multi-parametric imaging of the tumor
hypoxia seems to be a promising field of research [15,
49]. Two studies investigated the potential of different
MR imaging techniques in combination with FDG and
FMISO PET imaging in HNC [12, 24]. They concluded
that the use of functional MRI sequences in addition to
FDG and FMISO PET was of independent, additive value
in outcome prognosis.

Technical challenges

Despite the multiple benefits that integrated PET/MRI
offers for RT improvement, there are a number of technical
challenges that need to be overcome before PET/MRI data
can be properly integrated into RT treatment planning
processes.

A major issue for the integration of combined PET/MRI
into RT treatment planning is the patient positioning. For
RT application, patients have to be positioned in a repro-
ducible way throughout the whole treatment. Therefore,
positioning aids such as vacuum mattresses and thermo-
plastic mask systems are routinely used. Patient positioning,
a major prerequisite for accurate integration of multi-
parametric image data into the treatment planning process,
is not yet possible in the integrated PET/MRI system. The
development of tools for patient positioning in the PET/
MRI system presents a series of challenges, as other coil
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a total dose of 60 Gy to the PTV is shown in (c¢). Regions of interest:
PTV (red), brain stem (dark green), brain (light blue) (color figure
online)

systems have to be considered if patients are positioned in
masks. Furthermore, all devices inserted into the PET/MRI
field of view will cause attenuation of the PET signal, which
has to be handled in a robust and reproducible manner
[32, 48].

Modern high-precision RT delivery has improved,
achieving a geometric accuracy of just a few millimeters.
As a consequence, imaging data that is integrated into the
planning process also has to be of high spatial resolution,
ideally isotropic. MR images are, under certain conditions,
subject to geometric distortions, which might introduce
geometric errors affecting tumor delineation as well as
dose painting on a voxel basis.

Quantitative PET and MRI is a major issue for the
integration of functional imaging into RT planning.
Quantification errors will have a direct impact on target
volume delineation and even more on dose painting by
numbers, where functional data are directly used to shape
the dose distribution. PET image quantification is, for
example, affected by MR-AC [22]. Whereas, a number of
studies and recommendations on quantification issues exist
for PET imaging [7, 27], similar investigations for MRI are
still lacking.

Conclusions

Combined PET/MRI offers a unique possibility to examine
multiple pathophysiological tumor parameters simulta-
neously. As a consequence, the integration of PET/MRI
data may improve RT treatment planning in terms of more
precise target volume delineation, but might also provide a
powerful basis for dose painting. Additional potential of
PET/MRI for RT lies in follow-up examinations and
response assessment.
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Fig. 3 Multi-parametric PET/
MRI of a patient with prostate
cancer: Combined [!'C]-choline
(CHO) PET/MRI (a), T2-
weighted TSE MRI (b), ADC
map derived from DW MRI (c),
K.pmap as a result of DCE-MRI
(d) and dose painting IMRT
plan, where a sub-region, on
CHO PET, DW- and DCE-MRI,
suggesting the presence of the
main tumor focus (arrow) was
prescribed an escalated dose of
90 Gy instead of 74 Gy, which
was prescribed to the whole
PTV (e). Regions of interest:
PTV (orange), rectum (purple)
(color figure online)

Due to its intrinsic capacity for multi-parametric imag-
ing, hybrid PET/MRI may be a major step towards indi-
vidualized and personalized RT in the near future.
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