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Abstract
Functional and molecular imaging techniques are increasingly being developed and used to
quantitatively map the spatial distribution of parameters such as metabolism, proliferation,
hypoxia, perfusion and ventilation, among others, onto anatomically-imaged normal organs and
tumor. In radiotherapy optimization, these imaging modalities offer the promise of increased dose
sparing to high functioning subregions of normal organs or dose escalation to selected subregions
of tumor, as well as the potential to adapt radiotherapy to functional changes that occur during the
course of treatment. The practical use of functional/molecular imaging in radiotherapy
optimization must take into cautious consideration several factors whose influences are still not
clearly quantified or well understood: patient positioning differences between the planning CT and
functional/molecular imaging sessions, image reconstruction parameters and techniques, image
registration, target/normal organ functional segmentation, the relationship governing the dose
escalation/sparing warranted by the functional/molecular image intensity map, and radiotherapy-
induced changes in the image intensity map over the course of treatment. The clinical benefit of
functional/molecular image guidance in the form of improved local control or decreased normal
organ toxicity has yet to be demonstrated and awaits prospective clinical trials addressing this
issue.

The Integration of anatomic imaging data directly within radiation therapy treatment
planning systems is now widespread and in most cases dictates standard practice. Most
common are 3D x-ray computed tomography (CT) datasets, augmented in many cases with
magnetic resonance imaging (MRI). Both tumor and normal tissue anatomy delineated
(segmented) on these imaging datasets form the backdrop for beam selection, plan
optimization and dose computation and display. These same imaging modalities are most
often used to assess the results of treatment (tumor shrinkage, some signs of normal tissue
changes) either after, or ever more commonly, during the course of treatment. Recent issues
of this journal have reviewed the use of anatomic images to guide1 and adapt2 radiation
therapy treatments.

More recently, advances in the availability and utility of functional and, to some extent,
molecular imaging data has led to great interest within the radiation therapy community
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related to its use in treatment assessment, and ultimately integration into the treatment
planning optimization and adaptive delivery processes. These uses generally fall into the
areas of identifying regions of tumors for dose intensification (see for example previous
article in this issue), or, as is also now gaining interest, for use in assessing and monitoring
the function of normal tissues.3,4

Several recently published articles reviewed the potential of imaging as a biomarker for
various mechanisms and processes, and for applications in clinical radiotherapy. Some of
these review articles5–8 indicate tumor hallmarks, mechanisms and expression parameters
(such as metabolism, proliferation, hypoxia, apoptosis, angiogenesis/vascularity, receptor
expression) which have potential for study using imaging biomarkers. Other articles9–16
review clinical sites (such as head and neck, lung, brain, esophagus, cervix, rectum, breast,
prostate) where functional MRI, PET and SPECT has been applied in radiation oncology
practice. Recent investigations and reports 17–24 address use of this new type of
information in optimization strategies for planning and adapting radiotherapy treatments.

In the current article we attempt to review some methodologies used in the planning of
functional image guided therapy, indicate areas now using or soon to use functional imaging
for adaptive treatment strategies, summarize some expectations related to dosimetric
outcome of this planning, and to point out some issues related to the correct use of this type
of data in the planning process. Thus, much of this article makes broad assumptions about
the applicability of certain functional and molecular imaging data in the selection of “what
to treat” or what not to treat. Gregoire et al12 point out how the sensitivity and specificity of
functional PET imaging might relate to its applicability for target selection in various
tumors. Beyond selection lies the additional task of delineation of targets and normal tissues
(or perhaps more meaningful, delineation of subsections of targets and normal tissues) to
treat or avoid, respectively. Again, beyond warnings and alerts for concerns, much of this
article will of necessity assume that both the selection and delineation questions have (to
some extent) been validated prior to use in the planning processes we describe. As such,
caution should be applied for use of these techniques in a non-protocol setting within the
clinic.

Planning Methodologies for Functional Image-Guided Radiotherapy
The mapping of the spatial variation of function, as identified with functional imaging, can
be used to either spare high functioning normal tissue or escalate dose to hyperactive/
hypoxic regions of the tumor. These aims can be achieved to differing extents based on
whether the plan used is 3D conformal or intensity modulated radiotherapy (IMRT) and also
on whether or not beam orientations are selected with this aim in mind. Compared to 3D,
IMRT is generally more capable of providing dose to the tumor via less functional
intervening normal tissue or, conversely, providing greater dose to hyperactive/hypoxic
regions of tumor while not increasing dose to normal tissue. Beam selection can further
enhance both 3D and IMRT, provided there is the possibility of aligning beam orientations
to exploit delivery through less functional regions of normal tissue. The extent to which
functional image-guided dose delivery may be achieved can also depend on the capabilities
of the planning system. A planning system that is capable of manipulating the dose to each
voxel based on user specifications would be ideal, and perhaps necessary for “dose painting
tumor volumes by number” (see article by Bentzen and Gregoire in this issue). However,
commercial planning systems typically treat a conglomerate of voxels as one entity, as in the
case of organs or tumor, precluding elaborate voxel-specific spatial sculpting of dose.
Consequently, it may be easier to treat a grouping of similarly functional voxels within
normal organs and tumor as one monolithic functional region. In general, a RTP with some
sort of flexible “optimization” engine (which would preferably allow biological cost
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functions) is likely more important for integration of these types of data for potential
reduction in normal tissue function loss than is whether the treatment plans are 3D CRT or
IMRT. Their use could permit iso-toxicity based treatment planning25–27 based on
predicted loss of function.19,28 Next we illustrate some of the planning methodologies seen
in literature.

Seppenwoolde et al29 used the U-Mplan system (developed at the University of Michigan)
to develop 3D plans with selected beam directions and beam weight optimization to
minimize SPECT perfusion-weighted dose to lung. This is an example of a more accessible
planning system, with respect to customization. The system allowed the optimization
objective function to weight the dose to the voxels by SPECT perfusion. Individual beam
directions were selected to minimize the ratio of mean perfused lung dose to mean lung
dose. The optimization minimized the mean lung dose, lung volume above 20 Gy as well as
the mean SPECT perfusion-weighted lung dose. In a similar context, the work by McGuire
et al30 is an example of perfusion SPECT-guided IMRT planning, but conducted within the
confines of a commercial planning system (Figure 1). The lung was segmented into four
regions based on perfusion, and 9-beam IMRT plans were generated using a hierarchical
method. The method consisted of sequential optimizations, starting with dose allowed only
through the least functional region. With each subsequent optimization, more functional
regions were slowly relaxed to absorb greater dose, until target coverage was met. The
sequential optimization process implicitly gave higher priority to more functional lung.

The heterogeneous nature of functional distribution suggests that beam directions can be
particularly important in the quest to improving functional sparing. Beam directions that
pass through lower functional normal tissue to reach tumor are obviously favorable.
However, the issue is not quite as trivial as it appears, as sparing functional tissue has to be
balanced against achieving target coverage, which generally requires irradiation from
multiple directions, and IMRT for concave target volumes. Thus, in cases where regions of
low function are clustered together, it would be necessary for some beams to go through
higher functioning tissue to achieve target coverage.

Examples of beam direction selection are as follows. Munawar et al31 used lung ventilation
SPECT with 30 MBq 99mTc labeled ultrafine graphite particles to steer dose away from
highly ventilated regions. Normal lung was segmented into two functional regions –
ventilated lung at greater than 50% and 70% of maximum SPECT intensity. IMRT plans
with 9 equally spaced beams were compared to plans with 3 beams that were selected from
36 equally spaced possibilities, such that the 3 beams individually had mean ventilated lung
doses close to minima (Figure 2). In cases where the planning target volume was
heterogeneously surrounded by well ventilated lung, the 3-beam plans achieved superior
ventilation sparing. Shirai et al32 identified hepatocellular carcinoma radiation therapy
angles that would least irradiate functional liver (as imaged using Tc-99m-galactosyl human
serum albumin SPECT). Radiotherapy was well tolerated, with no cases of grade 3 or higher
radiation-induced liver disease. McGuire et al33 demonstrated, for perfusion-weighted lung
sparing, that using four selected beam directions can result in substantial functional dose
reduction when compared to an equally spaced nine-beam non-functional-guided IMRT
plan. The beam orientations used were selected from a larger set of candidate angles, which
were individually optimized to minimize functional dose while achieving PTV minimum
target coverage. The four beams with greatest functional sparing over the whole dose range
were then selected.

Similarly to the heterogeneous distribution of function in normal organs, tumors can also
reflect functional heterogeneity in the form of metabolism, proliferation or hypoxia.
Treatment planning to achieve selective spatial dose escalation to specific target regions
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based on function could presumably improve local control (as discussed in other articles in
this issue), but would have to be weighed against the incidental increase in dose to
surrounding critical organs. Pinkawa et al34 planned dose boosting to intraprostatic lesions
identified using F18-choline PET. A boost of 18 Gy resulted in only minimal increase of the
equivalent uniform dose to rectum and bladder. Seppala et al35 used Carbon-11 acetate PET
to identify prostate subvolumes for boosting (Figure 3). Comparing standard plans with 77.9
Gy to PTV vs. boosted plans with 72 Gy to PTV and up to 90 Gy to the boosted volume,
there was no significant normal tissue complication probability increase in rectum and
bladder. Prostate subvolumes may also be identified for dose boosting using magnetic
resonance imaging/spectroscopy36,37.

Lee et al38 used F18 labeled Fluormisonidazole to identify regions of head-and-neck
cancers that were hypoxic. Boosting the hypoxia-avid regions by 14 Gy (80 Gy to the gross
tumor volume) was possible without exceeding normal tissue constraints. Similarly,
reductions in head and neck tumor volumes planned to receive high doses based on PET
tumor volume data led to reduced dose to surrounding normal tissues as reported by Geets et
al.39 Optimized planning (either conformal 3D or IMRT) based on boosting tumor
subvolumes identified via functional imaging could be expected to lead to similar results for
treatments of tumors at other anatomic locations as well. These reductions in the overall
volumes of tumor required to receive high boost dose could enable the ability to deliver high
doses to those subvolumes with no increase in predicted toxicity to normal tissues. However,
in some cases the additional information provided by the functional imaging can make
composite (anatomic plus functional) target volumes larger as well.40,41

Potential Uses of Functional Imaging for Adaptive IGRT
Geets et al42 showed that the FDG-PET avid volume decreased during the course of
radiotherapy in 11 patients with pharyngeo-laryngeal squamous cell carcinoma. They
suggest the possibility of adapting radiotherapy dose during the course of radiation, such
that the primary pre-RT volume remains unaltered during the course of radiotherapy, but the
simultaneously integrated boost volume is reduced based on PET imaging during RT. The
main advantage would likely be increased sparing to spinal cord, parotid glands and oral
cavity. These functional imaging based adaptive approaches for treatment of head and neck
cancers should, of course, be approached with caution, as other authors such as Hentschel et
al43 conclude that reduction in treatment volumes may not be possible based on FDG-PET
for head and neck cancer due to therapy associated inflammation and possibly on which
source to background algorithm is used. On the other hand, Dirix et al44 present evidence for
added value (over FDG-PET) of 18F-Fluoromisonidazole PET and suggest potential for
both diffusion-weighted and dynamic contrast enhanced MRI in the adaptive treatment of
head and neck squamous cell carcinoma. Cao et al45 earlier demonstrated the potential for
adaptive treatment planning changes based on blood volume alterations in head and neck
cancers as demonstrated using DCE MRI.

Another area under active consideration for functional image based adaptive therapy is non-
small cell lung cancer. Reductions in size of PET avid tumor regions have been observed by
imaging studies using 18F-FDG46 as well as 18F-FLT47. Such volume reductions suggest
the potential to act on these changes while maintaining or reducing predicted lung toxicity.
47–49 Care needs to be exercised in these target volume reductions however, as Sonke and
Belderbos indicate50 that reduced metabolic activity on PET does not necessarily correspond
to geometric tumor volume changes; in some cases erosion (CTV appears to remain constant
while the GTV shrinks) takes place instead. These same types of FDG and FLT studies may
also help in assessing normal tissue toxicities during treatment,47,51 augmenting or
potentially replacing the SPECT perfusion and ventilation studies mentioned above. Lately,
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there have been indications from Mayr et al52 that longitudinal changes in tumor perfusion
of cervical cancer as seen in DCE-MRI might also be used to adapt treatment.

Dosimetric Results of Functional Image-guided Radiotherapy Planning
The ultimate benefit of functional guidance in radiotherapy would either be reduction of
normal tissue toxicity, increase in local control rate, or both. This benefit has yet to be
demonstrated, primarily due to the lack of full scale trials to address this question. However,
the dosimetric advantages of function sparing are evident in the radiotherapy planning
papers in the literature. One can only anticipate that this dosimetric advantage will translate
into actual clinical benefit in the future.

Seppenwoolde et al29 found that, only in patients with large perfusion defects, perfusion-
weighted optimization improved over the geometric optimization. McGuire et al30 was able
to show reductions in perfusion-weighted volumes above 20 Gy and 30 Gy of 13.6% ± 5.2%
and 10.5% ± 5.8%, respectively. The difference in the conclusions between these two works
is likely that Seppenwoolde et al29 used 3D planning as opposed to IMRT planning by
McGuire et al.30 To answer the question of 3D vs. IMRT, Lavrenkov et al53 found that in
6/17 patients there was no advantage to using IMRT over 3D to spare SPECT functional
lung over 20 Gy. In the remaining cases, the IMRT functional lung volume over 20 Gy was
reduced to 74% of the 3D plan value. Shioyama et al54 segmented the highest 50% and 90%
of SPECT hyperperfused lung. Compared to IMRT plans without functional avoidance,
IMRT plans with functional avoidance lowered mean doses to the 50% and 90% functional
lung regions by 2.2 and 4.2 Gy, respectively (prescription dose of 63 Gy). Overall, IMRT
does seem to provide improved dosimetric benefit compared to 3D for SPECT perfusion-
weighted planning. Radiation therapy planning with ventilation imaging has also been used
to demonstrate improved dosimetric benefit. 4DCT derived lung ventilation imaging55 has
been used with IMRT planning to demonstrate the possibility of reducing dose to regions of
lung with the highest ventilation. Munawar et al31 showed that there was a dosimetric
advantage in cases where less than 5% of the highest 50% of ventilation volume was in the
PTV.

An important finding by several groups is that the dosimetric gain possible is dependent on
the nature of the spatial distribution of function. Munawar et al31 found that the dosimetric
gain was lower when the well-ventilated lung completely surrounded the PTV. In examining
3D vs. IMRT, Lavrenkov et al56 showed that IMRT was more capable of perfused lung
sparing if highly perfused lung regions were closer to the PTV and the overall functional
distribution was more heterogeneous. Shioyama et al54 also saw more sparing was seen in
patients with greater spatial heterogeneity in function. The results of these works suggest
that functional sparing in the lung shows greatest dosimetric benefit when the functional
distribution is heterogeneous and highly functional regions do not completely surround the
target.

The clinical significance of changes in tumor volume dose distributions will only result from
prospective clinical trials that employ functional image data to redesign dose distributions.
These studies are ongoing.

Issues Related to the Utilization of Functional Image Guidance in
Radiotherapy Planning

Important issues regarding the utilization of functional image-guidance in radiotherapy
include: image registration, delineation of volumes, image reconstruction and the question of
the extent to which dose should be escalated to subregions of tumor. Indeed, the ability to
make firm conclusions related to the usefulness on defining tumor subregions with
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functional imaging methods likely relies on the accuracy of these techniques and methods.
41,57–59 An informative series of articles have recently been published that highlight the
issues related to quantitative imaging for evaluating tumor response60, tumor change
measurement, truth data and error sources from MRI61, x-ray CT62 and PET/CT63, as well
as statistical considerations related to same.64 Many task groups and initiatives now exist
within nearly every medical physics, radiation oncology, radiology and nuclear medicine
society or collaborative group with intent to address standardization and quality assurance
issues related to the use of functional imaging in planning and assessing cancer treatments.
65, 66

Accurate image registration38,67 between the functional image set and the treatment
planning set is key to ensuring dosimetric benefit. Inaccurate image registration can, in the
worst case, result in the opposite effect being achieved,68 viz., higher dose to more
functional normal tissue regions. Modern day functional imagers typically include CT (CT-
PET, CT-SPECT), allowing the planning CT images to be easily registered to the CT images
from the functional imaging machines, thereby indirectly registering the planning CT and
functional image sets. However, this assumes that the CT acquired at the time of functional
imaging is exactly aligned with the functional image set. This assumption is not necessarily
true if the patient inadvertently moves between the CT and functional imaging acquisitions.
To a large extent, the immobilization used for radiotherapy would ensure that the two image
sets are aligned, not to mention that this would also improve the quality of image
registration between the planning CT and CT acquired at the time of functional imaging.
Image reconstruction parameters such as the SPECT attenuation and scatter corrections can
influence the SPECT voxel values. Consequently they can also influence the shapes of
functional subregions. However, the net dosimetric effect on metrics such as the mean
perfused dose or function above certain dose thresholds may be less pronounced because of
the aggregate nature of these metrics.69 Indeed, even the evaluation of the quality of the
image registration may require consideration of multiple accuracy metrics. For example, Yin
et al70 found that while sophisticated non-rigid registrations between the CT components of
SPECT/CTs and planning CTs provided a higher degree of accuracy than rigid methods,
irregularities in some of the deformation fields, when applied to the SPECT images, resulted
in unacceptable changes in the SPECT intensity distributions that would preclude their use
in RT planning.

Target delineation can also present problems, as there is no ground truth related to
thresholding of image intensities for segmentation, and the results can change depending
upon segmentation technique. Roels et al41 recently reported that, while integration of MRI
and FDG-PET into radiotherapy planning appeared to be feasible for use in image-guided
radiotherapy of rectal cancer, automated segmentation was recommended for the PET
images. Segmentation issues can be especially problematic in assessing PET signals due to
the partial volume effect,71 where small volumes may have the signal due to uptake in that
region spread over several imaging voxels. Methods continue to be explored to
automatically address this problem.72

Even though there is evidence that high and low FDG uptake regions appear to remain
stable,73 the reproducibility of image segmentation implementation is very important for
prospective clinical studies, especially those that will attempt to adapt treatment plans during
the course of treatment. Thus, much attention is being given to application of these methods
of target delineation from PET scans,74,75 although similar matters need to be considered in
the use of function derived from MRI signals.76 Beyond the issues identified by the series of
articles referred to at the end of the first paragraph of this section, consensus
recommendations and standards for PET image acquisition,77 monitoring response78 and use
in RTP79 have begun to appear.
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In the context of dose escalation to subregions of the tumor, a yet to be answered question is
the extent to which dose should be raised in accordance with the functional image (PET/
MRS) intensity. For example, should the dose be linear or non-linear with intensity? Various
planning studies have speculatively employed dose-intensity relationships. Das et al80

assigned a linear dose-to-FDG intensity prescription, over and above a baseline uniform
therapeutic dose. Vanderstraeten et al81 compared a linear vs. uniform boost prescription
from FDG PET (Figure 4). For hypoxia imaging with FMISO PET, Thorwarth et al82 used a
dose-escalation scheme that assumed (a) the time needed for reoxygenation was inversely
proportional to perfusion and that (b) radioresistance was proportional to tracer retention. In
general, the nature of the formulation relating the required dose escalation vs. functional
image intensity (to achieve spatially uniform tumor control) awaits basic science and clinical
feedback. Once such a formulation is available, planning studies could determine the extent
to which achieving the required dose escalation is compromised by toxicity-limiting dose
constraints to surrounding normal organs.
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Figure 1.
Coronal view showing plans with (bottom) and without (top) SPECT guidance. The central
purple and pink structures are primary and boost targets; lung is shaded by SPECT activity
intensity, ranging from red (highest) to green (lowest). Isodose lines demonstrate that
SPECT-guidance decreased dose to higher perfusion regions. Reprinted with permission.30
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Figure 2.
Plot of mean lung dose vs. beam angle, with arrows indicating beams selected. Reprinted
with permission.31
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Figure 3.
Distribution of Carbon-11 acetate in axial (top), coronal (middle) and sagittal (bottom)
planes, superimposed on the corresponding CT planes through the prostate. Reprinted with
permission.35
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Figure 4.
Isodose lines and FDG-PET intensity colormap superimposed on axial (top), sagittal
(middle) and coronal (bottom) slices. Numbers indicate the dose in Gy per fraction,
reflecting dose escalation to regions of higher FDG uptake. Reprinted with permission.81
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