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Abstract

Modern radiation therapy techniques are exceptionally flexible in the deposition of radiation dose in a target volume. Complex
distributions of dose can be delivered reliably, so that the tumor is exposed to a high dose, whereas nearby healthy structures can be avoided.
As a result, an increase in curative dose is no longer invariably associated with an increased level of toxicity. This modern technology can be
exploited further by modulating the required dose in space so as to match the variation in radiation sensitivity in the tumor. This approach is
called dose painting.

For dose painting to be effective, functional imaging techniques are essential to identify regions in a tumor that require a higher dose.
Several techniques are available in nuclear medicine and radiology. In recent years, there has been a considerable research effort concerning
the integration of magnetic resonance imaging (MRI) into the external radiotherapy workflow motivated by the superior soft tissue contrast as
compared to computed tomography. In MRI, diffusion-weighted MRI reflects the cell density of tissue and thus may indicate regions with a
higher tumor load. Dynamic contrast-enhanced MRI reflects permeability of the microvasculature and blood flow, correlated to the
oxygenation of the tumor. These properties have impact on its radiation sensitivity.

New questions must be addressed when these techniques are applied in radiation therapy: scanning in treatment position requires
alternative solutions to the standard patient setup in the choice of receive coils compared to a diagnostic department. This standard
positioning also facilitates repeated imaging. The geometrical accuracy of MR images is critical for high-precision radiotherapy. In
particular, when multiparametric functional data are used for dose painting, quantification of functional parameters at a high spatial
resolution becomes important.

In this review, we will address these issues and describe clinical developments in MRI-guided dose painting.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

In radiation therapy (RT), modern treatment techniques
distinguish themselves by an exceptional flexibility in dose
delivery. With techniques such as intensity-modulated RT
(IMRT) and volumetric-modulated arc therapy (VMAT),
complex dose distributions can be realized, so that a tumor
can be exposed to a lethal radiation dose, while nearby
healthy tissue can be optimally spared. With brachytherapy,
⁎ Corresponding author. Tel.: +31 20 512 2350.
E-mail address: u.vd.heide@nki.nl (U.A. van der Heide).
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radioactive sources are positioned inside (or in close
proximity to) the tumor. This again results in a high tumor
dose, with minimal exposure of surrounding healthy tissue.
A reliable delivery of these complex treatments is ensured
with imaging of the patient in the treatment room. For this
purpose, cone-beam computed tomography (CT) scanners
are attached to the linear accelerator making image-guided
radiotherapy (IGRT) feasible [1,2]. Strategies for precise
irradiation of moving tumors (gating/tracking) have been
developed. As part of the brachytherapy procedure, patients
increasingly receive some form of three-dimensional (3D)
imaging [CT or magnetic resonance imaging (MRI)] to
verify the application [3,4]. With these technological
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Fig. 1. Example of a radiation therapy treatment geometry with beams
irradiating the tumor from multiple directions (solid black line: primary
tumor; dashed black line: clinical target volume, with microscopic disease
white line: parotid glands and spinal cord).
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innovations in RT, an improvement in tumor control is no
longer invariably associated with an increase in radiation-
induced toxicity [2,5].

RT has the capacity for differential treatment, in which
a high dose can be delivered to the visible tumor, whereas
tissue holding microscopic disease is irradiated with a
lower dose. In this way, tumor cells are eradicated while
the underlying healthy tissue is allowed to recover. This
capacity sets it apart from all-or-nothing therapies, such as
surgery. Taking this concept a step further, Ling et al. [6]
proposed to use biological imaging to achieve “biological
conformality” by escalating the dose to parts of the tumor
that are particularly aggressive or radiation resistant, while
reducing the dose to less aggressive parts. This new
approach is called dose painting [7,8]. Several theoretical
studies showed that treatment plans indeed can be
modulated to match the biological properties reflected by
functional imaging modalities [8–10]. Aerts et al. [11,12]
confirmed that certain areas within the gross tumor
volume are more therapy resistant. Malinen et al. [13]
investigated the potential of dose painting based on
dynamic contrast-enhanced MRI in natural nasopharynx
tumors in dogs.

For dose painting to be effective, high-quality imaging of
the tumor and surrounding tissue is required. In this review,
we will describe developments in MRI-guided dose painting
and identify the issues that must be addressed when applying
MRI in the context of a radiotherapy treatment.
2. Imaging for radiotherapy

Anatomical and functional MRIs are commonly used in a
diagnostic setting. For many tumor sites, the sensitivity and
specificity of combinations of techniques for tumor detection
and staging have been established.

The purpose of an MRI exam for radiotherapy treatment
planning is, however, distinctly different from most
diagnostic exams. At the time a patient arrives at a radiation
oncology department, the diagnosis of cancer is established
and staging of the disease is already finalized. For RT
planning, the imaging information is now used to create a
precise delineation of the target volume. Treatment portals
are calculated based on these delineations, to provide an
optimal dose distribution (Fig. 1). In clinical trials, testing the
benefit of dose painting, the imaging of tumor characteristics
is used to make decisions on dose levels.

Anatomical imaging, for example, with T2-weighted
MRI, can provide information on the spread of tumor tissue.
However, to assess the microenvironment within a solid
tumor, functional techniques seem to be more promising. Up
to now, most experience has been obtained with 18F-
fluorodeoxyglucose positron emission tomography (FDG-
PET) [14–17]. In head and neck cancer, phase I trials were
carried out to investigate the toxicity of dose escalation in the
FDG-PET-positive part of the tumor [18,19]. For non-small
;

cell lung cancer, a trial is currently ongoing that also
escalates dose to the part of the tumor with high standardized
uptake values, which has been shown in several studies to be
more radiation resistant [11,12,15,20].

FDG-PET reflects the glucose uptake of tissue, related to
the metabolic activity of tumor tissue and the level of
hypoxia response. It is, however, important to recognize that
other properties are potentially relevant to guide radiother-
apy treatments: density of tumor cells, acidosis, proliferation,
density of tumor stem cells and oxygenation of the tissue are
factors that influence the radiation sensitivity of a tumor.
With a combination of functional MRI techniques, such
properties can be imaged: diffusion-weighted MRI (DWI)
reflects the microscopic mobility of water in the cellular
environment. As a result, it is sensitive to the “microanat-
omy” of the tissue, such as cellular density and organization
of the cellular and extracellular space. In tumors, typically a
restricted diffusion is found, as compared to normal tissue.
While this generally is attributed to an increased cellular
density, other changes in microanatomy also may play a role
[21]. In dynamic contrast-enhanced (DCE) MRI, the
temporal changes in signal upon administration of contrast
agent reflect the blood flow in tissue as well as the
extravasation of contrast agent from microvessels into the
interstitial space. Tumor growth relies on the formation of
new blood vessels to provide oxygenation of the tissue.
However, this new vascular structure tends to be highly
disorganized and shows shunt perfusion. As a result, the
contrast enhancement patterns in tumor can differ distinctly
from normal tissue [22]. Both DWI and DCE-MRI are often
used as an early marker of tumor response during anticancer
therapy [23].
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2.1. Use of multiparametric imaging

The use of more than one (functional) imaging technique
to visualize the tumor and surrounding tissue is common
practice in diagnostic examinations, where the purpose is
the characterization and staging of the disease. For many
types of cancer, studies showed that adding more
(functional) imaging modalities improves the sensitivity
and specificity of an exam. For example, Turkbey et al. [24]
showed in prostate cancer that T2-weighted MRI, DCE-
MRI and MR spectroscopic imaging (MRSI) all three
provided an independent (additive) predictive value for
tumor detection. Adding all modalities improved the
accuracy of the examination.

For radiotherapy target delineation, the addition of
multiple techniques is not as straightforward. Even when
all modalities point at the presence of a tumor in a particular
location, the precise boundary of the tumor is not as easy to
assess. Target delineation is particularly difficult when
different techniques appear to provide conflicting informa-
tion [25]. Simple thresholding of maps of apparent diffusion
coefficients (ADCs) or tracer kinetic parameters such as
K trans may not be appropriate [26]. To increase the
robustness of the interpretation of multiparametric MRI
data, models have been proposed that use support-vector
machines [27] or logistic regression [28–30].

These studies use multiparametric MRI data to improve
tumor detection, possibly on the level of individual voxels.
For dose painting, it would be relevant to identify if
particular (combinations of) imaging modalities correlate
with tumor aggressiveness and sensitivity to radiation. One
way to do so is to perform “pattern of relapse studies”
[11,12,31].

To take benefit from these imaging techniques within a
high-precision RT treatment, new questions must be
addressed. Scanning in treatment position requires alterna-
tive solutions to the standard patient setup as well as the
choice of receive coils compared to a diagnostic depart-
ment. The geometrical accuracy of MR images is critical for
high-precision radiotherapy. In particular, when multipara-
metric functional data are used for dose painting, quanti-
fication of functional parameters at a high spatial resolution
becomes important.
Fig. 2. Head coil configuration of two sets of flexible surface coils, attached
to a radiotherapy fixation mask.
3. Technical challenges for the use of MRI for RT
dose painting

3.1. Radiotherapy-compatible patient position

External-beam RT is mostly delivered in a series of daily
irradiation sessions that can last up to 2 months. To achieve a
precise dose delivery, it is therefore essential that the patient
can be positioned reproducibly from day to day. Obviously,
images that form the basis for a treatment plan must be made
in the same position. The CT scan used for setting up
treatment portals and for dose calculations (planning CT) is
usually made in an RT department, where identical setup
procedures are applied. Laser systems in the CT room define
a frame of reference that is copied at the linear accelerator in
the treatment room during treatment. Wide-bore CT scanners
have removed most of the limitations for scanning the patient
in the treatment position. This way of patient positioning
differs from the typical practice at an MRI scanner. Due to
the duration of the MRI exam, patient comfort is more of a
concern. As most MRI exams are not repeated, the
reproducibility of the position is not an issue. Usually, a
solution can be found that is both reproducible and
comfortable for the patient.

For irradiation of tumors in the pelvis, it is standard
practice to position patients on a flat table top. In MRI, body
phased-array coils are often placed around the patient. To
create a flat surface similar to a flat table top, a thin, but firm
insert can be positioned on top of the coils.

Patients treated for head and neck cancer lie on a pad and
are fixated in a personalized mask to guarantee a
reproducible orientation and flexing of the neck. The fixation
mask does not fit in most head coils used for head and neck
MRI. Here creative solutions need to be developed. Verduijn
et al. [32] investigated how to obtain the diagnostic quality
MRI scans of head and neck tumors while scanning the
patient in a mask. The use of a set of flexible surface coils,
attached to the mask, provided a good alternative. In our
clinic, we use two sets of flexible surface coils, to improve
coverage and image quality (Fig. 2). Nevertheless, multi-
channel head coils are advantageous for imaging, and
solutions to fit RT masks in such systems are needed.

For breast cancer, the differences in positioning practice
are even more striking: in MRI, patients are usually scanned
in prone position, in a dedicated breast coil, as compared to
supine, lying on a wedge-shaped support in radiotherapy
(Fig. 3). Siegler et al. [33] showed that supine breast MRI
resulted in comparable image quality as regular diagnostic
MRI. Positioning on a radiotherapy wedge support may be

image of Fig.�2


Fig. 3. Left: planning CT scan for radiotherapy, with patient supine, on a wedge support system. Right: diagnostic T2-weighted MRI, with patient prone, using
breast coil.
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feasible particularly in wide-bore MRI scanners that are now
commercially available.

3.2. Spatial resolution and geometrical accuracy

For a limited number of cancers, guidelines have been
published for tumor delineation based on MRI. In most
cases, T2-weighted spin echo sequences are used for this
purpose [34–36]. A disadvantage of these sequences is that
slices tend to be quite thick (3 mm or more). Inevitably,
delineations of tumors are inprecise in the slice direction. As
the precision of radiotherapy delivery has improved to the
order of a millimeter, the thickness of the imaging slices
becomes a limiting factor. For this reason, 3D sequences
with a high resolution in all directions are of interest [37].

Since the geometry of the treatment portals is based on the
delineations of the tumor on MRI, the geometrical accuracy
of these images is a matter of concern. Errors in tumor
delineation may result in undertreatment of the tumor or in
unnecessary exposure of healthy tissue.

Geometrical distortions are caused by nonlinearities in the
gradient coils as well as by inhomogeneities in the static
magnetic B0 field [38]. The latter are, to some extent, an
intrinsic property of the scanner. However, air tissue
transitions, in particular in cavities in the body, can cause
substantial B0 field distortions as well. Scanner-related
distortions can be characterized with phantoms with a grid
of fluid-filled rods. With combinations of images with
opposite gradient directions, both scanner-related B0 and
gradient errors can be measured [39–41]. In principle, these
scanner-specific distortions can be corrected via lookup
tables. [40]. For patient-induced B0 field distortions,
depending on the specific anatomy, this is not a viable
option. However, the distortions can be visualized by
comparing images with opposite readout gradient directions.
Several correction techniques have been described, involv-
ing the mapping of image features from one image to the
other. However, the correction of realistic images, with
complex contrast patterns and chemical-shift artifacts, can be
difficult. Reinsberg et al. [42] showed that the best results for
correction of images of humans were achieved with a mutual
information-based approach for mapping of the two images
acquired with opposite readout gradients.

For stereotactic radiosurgery of brain tumors, the
geometrical accuracy of the entire treatment is pushed to
its limits. Patients are often scanned in a stereotactic frame
for fixation. Zhang et al. [43] developed a geometrically
accurate imaging protocol at a 3.0-T scanner for stereotactic
radiosurgery. In a comparison between 1.5- and 3.0-T
magnets, the same group showed that for two sets of
spoiled gradient echo and fast-relaxation fast-spin echo
sequences, the mean discrepancy in tumor surface was
significantly less than 1 mm, with no differences in
delineated volume [43,44].

In brachytherapy, radioactive sources are brought in close
proximity of the tumor tissue via catheters and applicators.
As the dose from these sources falls quadratically with the
distance, the geometrical accuracy of MR images used for
treatment planning is extremely important. Susceptibility
artifacts caused by an applicator must be minimized. For this
reason, standard metal applicators are replaced by plastic
applicators. However, titanium needles are commonly used
for interstitial treatments. Haack et al. [45] investigated the
accuracy of localizing the source channels inside applicators
and needles for brachytherapy of cervical cancer. Using T1-
and T2-weighted turbo spin echo sequences, differences with
CT were less than half the slice thickness and an
interobserver variation smaller than 1 mm was found.

Geometrical accuracy is also relevant when functional
MRI techniques are used to define the boundaries of a tumor
volume. DWI particularly suffers from geometrical de-
formations that are associated with echo-planar imaging
(EPI) sequences. Although it is recommended to maximize
bandwidth, for example, by using parallel imaging [23],
distortions can be large in close proximity to air–tissue
interfaces. Retrospective correction of EPI images can be
applied, using a B0 field map [46], but the effectiveness of
such a procedure close to air cavities is uncertain.

image of Fig.�3
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3.3. Quantification of functional MRI

The accuracy of target definition is also influenced by the
quantification of functional parameters. In Fig. 4, an
example of a K trans image obtained from DCE-MRI is
shown. By simply changing the threshold, the perception of
the tumor size can change dramatically. While the
localization of the tumor is relatively insensitive to the
threshold, uncertainties in the interpretation of K trans values
may result in quite different target volumes for irradiation.
While in PET, abundant literature exists to deal with
quantification and determination of thresholds for tumor
delineation [47–50], for functional MRI techniques such,
studies are currently lacking.

The spatial resolution of functional imaging modalities is
most relevant in the context of dose painting. To image the
heterogeneity within the tumor, a high spatial resolution is
called for. However, as in each voxel, the dose prescription
essentially is derived from the value of (combinations of)
functional parameters; the question is at what spatial
resolution consistent functional parameter values can still
be obtained.

Only few studies investigated the reproducibility of
functional techniques, and even fewer addressed the relation
between image noise, voxel size and repeatability. Lam-
bregts et al. [51] have shown that the size and positioning of
the region of interest (ROI) for ADC calculations in patients
with rectal cancer have a considerable influence on tumor
ADC values and interobserver variability.

The reproducibility of DWI of the prostate was studied by
Gibbs et al. [52] and varied between 10% and 35%,
depending on experimental conditions. Increasing the
number of signal averages improved the repeatability, but
varying the size of the ROI from 0.3 to 1.7 cc seemed to have
little impact. The impact of geometrical distortions on
voxelwise repeatability of DWI data is as yet unclear and
requires further investigation.

For DCE-MRI, quantification is generally considered
quite complex. To improve the consistency of reporting of
DCE-MRI data, Tofts et al. [53] proposed a standardization
Ktrans<0.2 min-1 Ktrans<0.5 minKtrans<0.2 min-1 Ktrans<0.5 min

Fig. 4. T2-weighted MRI of a patient with prostate cancer, with color overlay of Ktr

the right peripheral zone (left in the images).
of the tracer kinetic model and nomenclature. Nevertheless,
large differences have been reported in the value of the
transfer constant, K trans, in healthy (0.06–0.60 min−1) and
cancerous (0.18–1.26 min−1) prostate tissue [54–60]. This
variation is not caused by a day-to-day variability in the
patient, as the within subject standard deviation (wSD) of
K trans from DCE-MRI is reported to be small (wSD=0.10
min−1 for MRI, 0.047 for voxels of 0.15 cc on DCE-CT)
[61]. Thus, further standardization in methodology may
result in a more robust quantification of DCE-MRI, making it
even more attractive for use in dose painting,
4. Future prospects

The use of MRI has just started to spread into the daily
practice in radiation oncology. Several innovations in this
field have a high potential to result in further improvements
in the treatment.

4.1. Improved precision in RT

The quantitative use of images to decide both where and
how to deliver RT in an individual case is also called
theragnostic imaging. IMRT is now a widely used treatment
modality for patients with head and neck cancer. The dose
distributions from IMRT are static and, thus, are unable to
account for variations and/or uncertainties in the relationship
between the patient (region being treated) and the beam.
Organ motion comprises one such source of this uncertainty,
introduced by physiological variation in the position, size
and shape of organs during treatment. In the head and neck
area, the predominant source of this variation arises from
deglutition (swallowing). As an example, studies investigat-
ed whether cinematographic MRI (cine MRI) could be used
to determine asymmetric (nonuniform) internal margin
components of tumor planning target volumes based on the
actual deglutition-induced tumor displacement. Another
example is the hearing preservation after treatment of
vestibular schwannoma; critical hearing preservation vari-
ables include (1) strict attention to prescription dose 3D
Ktrans<0.8 min-1-1 Ktrans<0.8 min-1-1

ans with three different thresholds, changing the apparent size of the tumor in

image of Fig.�4
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conformality so that the ventral cochlear nucleus receives
less than or equal to 9 Gy and (2) careful delineation of the
3D tumor boundary to exclude the cochlear nerve when
visualized with contrast-enhanced T2-weighted MR volu-
metric imaging techniques and exclusion of the dura mater of
the anterior border of the internal auditory canal [62].

Multiple functional MRI techniques for detection of
prostate cancer are now used to define the tumor inside the
prostate as a target for further dose escalation with IMRT or
VMAT [63,64]. This approach is motivated by evidence that
local recurrences are mostly found at the location of the
primary tumor [65,66]. At the moment, this approach is
tested in a phase III multicenter trial [67].

The incorporation of MRSI data in the definition of
radiotherapy target volumes for selective boosting may be a
promising avenue leading to increased local control of
glioblastomas [68].

A recent paper by Thorwarth et al. [69] showed that
differences in target volumes delineated on the basis of
separate MR and PET/CT and simultaneous PET/MR may
be observed, which can have significant consequences for an
effectively applied radiotherapy treatment plan.

Data are emerging, reporting that with DWI, rises in ADC
during or after preoperative chemoradiotherapy may be
useful for the prediction and evaluation of response in
patients with locally advanced rectal cancer, although at the
time of writing, the evidence is not strong and from small
single-center studies [70–72]. A few studies concluded that
the combination of the different time points and the different
imaging modalities increased the specificity of the response
assessment both during and after chemoradiotherapy [73].

4.2. MRI-guided radiotherapy

The adoption of IMRT to treat cervical malignancies has
been limited, in part, by complex organ and tumor motion
during treatment. Several studies explore the benefits of a
highly adaptive, small-margin treatment scenario to accom-
modate this motion [74]. In radiotherapy, the healthy tissue
involvement still poses serious dose limitations. This results
in suboptimal tumor dose and complications. Daily IGRT is
the key development in radiation oncology to solve this
problem. MRI yields superb soft tissue visualization and
provides several imaging modalities for identification of
movements, function and physiology. Integrating MRI
functionality with an accelerator, the so-called MR linac,
can make these capacities available for high-precision
[75,76], real-time IGRT. The Holy Grail would be to
combine MR with the most accurate radiotherapy technique
such as proton therapy [77].

The clinical feasibility of magnetic resonance image-
guided adaptive brachytherapy (IGABT) for patients with
locally advanced vaginal and cervix cancer has been reported
with excellent treatment outcomes [78]. Also, dose–response
relationships for late side effects of the rectum and bladder in
cervix cancer patients after magnetic resonance IGABT have
been established. There has also been an interesting
development with MR thermometry to monitor hyperthermia
used in combination with radiotherapy. Ultimately, these
technological improvements should lead to an improved
clinical outcome; as mentioned above, several dose painting
trials are currently attempting to demonstrate this.
5. Conclusion

In recent years, a considerable research effort has been
dedicated to the integration of MRI into the external
radiotherapy workflow motivated by the superior soft tissue
contrast as compared to CT.

In this review, we have addressed these issues and
described clinical developments in MRI-guided dose
painting such as improved precision in delivery in RT, use
of combinations of functional MR (and PET), MRI-guided
radiotherapy (MR-linacs, MR-guided brachytherapy, MR for
proton therapy) and dose painting trials.
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