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Abstract
Dynamic contrast enhanced (DCE) magnetic resonance imaging (MRI) and computed tomography
(CT) are emerging as valuable tools to quantitatively map the spatial distribution of vascular
parameters such as perfusion, vascular permeability, blood volume, and mean transit time in
tumors and normal organs. DCE MRI/CT have shown prognostic and predictive value for
response of certain cancers to chemo and radiation therapy. DCE MRI/CT offer the promise of
early assessment of tumor response to radiation therapy, opening a window for adaptively
optimizing radiation therapy based upon functional alterations that occur earlier than
morphological changes. DCE MRI/CT have also shown the potential of mapping dose-responses
in normal organs and tissue for evaluation of individual sensitivity to radiation, providing
additional opportunities to minimize risks of radiation injury. The evidence for potentially
applying DCE MRI and CT for selection and delineation of radiation boost targets is growing. The
clinical use of DCE MRI and CT as a biomarker or even a surrogate endpoint for radiation therapy
assessment of tumor and normal organs must consider technical validation issues, including
standardization, reproducibility, accuracy and robustness, as well as clinical validation of the
sensitivity and specificity for each specific problem of interest. Although holding great promise, to
date DCE MRI and CT have not been qualified as a surrogate endpoint for radiation therapy
assessment or for treatment modification in any prospective phase III clinical trial for any tumor
site.

Introduction
Molecular, functional and metabolic imaging methods have been developed and evaluated
intensively as potential biomarkers for assessment of tumor response and outcome in
radiation therapy, as well as for radiation target selection and delineation. The general
investigational hypothesis is that biological imaging has superior sensitivity and specificity
to tumor biological processes, and therefore can be utilized for better selection of radiation
targets or for better indication of tumor early response to treatment as well as normal tissue
injury.1,2 These biological indications could provide additional information, either
prognostic or predictive, beyond the conventional clinical factors.3-5 A prognostic indicator
can be employed to stratify patients for different treatment strategies, while a predictive
indicator can be used for therapy modification, e.g., treatment intensification for non-
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responsive tumors. Similarly, functional imaging has been used to assess individual
variations in sensitivity to radiation-induced normal tissue toxicity, with the intent of
applying these methods to adjust radiation doses to organs-at-risk.

Dynamic contrast enhanced (DCE) and dynamic susceptibility contrast (DSC) MRI and
DCE CT have been developed and evaluated, to some extent, technically and
pathophysiologically for characterization of vascular properties in the tumor and normal
organ tissue.6-14 Vascular properties derived from these imaging studies include blood
volume, blood flow, vascular permeability, and mean transit time as well as distribution
volume and available interstitial space for the contrast agent. Many malignant tumors
manifest neovascularity or angiogenesis, a process of recruiting, synthesizing and forming
new vascular networks, as a possible aspect of tumor growth, proliferation and
metastasis.10-12,15-20 As a result, these newly synthesized vessels manifest high
permeability, tortuosity, and density heterogeneity as well as poor functionality. Therefore,
vascular characteristics of a tumor could prove a prognostic indicator of its
aggressiveness.5,15,16,18 Also, vascular networks provide oxygen and nutrition supply to the
tumor and normal tissue.

Without adequate blood and oxygen supply to tumor cells, effectiveness of radiation
treatment of the tumor can be compromised. For example, a hypoxic tumor or tumor
subvolume responds to radiation therapy poorly compared to a similarly treated cluster of
normoxic tumor cells.21-24 Perfusion characteristics of a tumor or tumor subvolume prior to
RT as well as the subsequent alteration during the early course of treatment could provide
guidance on where to intensify the treatment.3,5,15,16,18,25,26 Recent developments in
prognostic biomarkers, e.g., O6 methylguanine-DNA methyltransferase (MGMT) promoter
methylation status for GBM treated by concomitant radiochemotherapy,27 and human
papillomavirus (HPV) for ororpharygeal cancer,28,29 provide a means to differentiate certain
classes of patients with favorable versus unfavorable outcome. However, imaging
prognostic or predictive biomarkers could address where in the tumor as well as which
tumor does not respond to RT. For instance, despite the improvements in treatment regimens
for ororpharygeal cancer, there are still up to 20%-50% failure rates, including metastatic
and locoregional failures, especially in patients who are smokers30 and testing negative for
HPV infection.29,31 Combining these biological and imaging biomarkers could improve the
predictive power for outcome. Furthermore, normal tissue vasculature is prone to radiation
damage, which can result in injury of organ function and cause poor quality of life and even
mortality in severe cases. Radiation-induced injury to normal tissue has presented as a
limiting factor for high dose radiation therapy for certain body sites, e.g., liver, lung and
brain. Monitoring tumor and normal tissue response to treatment during the early course of
radiation therapy could allow us to better estimate a therapy index for individual patients,
and modify the treatment strategy based upon the individual risk and benefit.

DCE imaging as a biomarker for prediction of tumor response and outcome to RT, as
evidenced in brain, head and neck, and cervical cancers, will be discussed in this review.
DCE imaging of normal tissue dose response as well as its role in prediction of organ
toxicity are emerging, and will be discussed. Vascular features in the tumor or sub-volume
of the tumor, delineated by quantitative analysis of DCE imaging, has been recognized to
have the potential to define radiation boost volume. Limited pathological and clinical
validation, particularly for radiation therapy specific changes, hinder the advancement of
this class of imaging biomarkers for application in radiation therapy. DCE imaging still
faces great challenges in technical standardization and validation, as well as in pathological
and clinical validation, in order to qualify it as a surrogate endpoint for radiation therapy
assessment and to utilize it for radiation target definition. These issues will be discussed.
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Prognostic and predictive indicators for Tumor Response Assessment
Malignant gliomas, particularly GBM, exhibit neovascularity characterized as abnormally
rapid growth of vasculature with high density, great vessel leakage, abnormal perfusion and
prolonged mean transit time, which is possibly mediated by angiogenesis and has become
the target of anti-angiogenic therapy.32,33 Cerebral blood volume (CBV), cerebral blood
flow (CBF) and vascular permeability in gliomas mapped by DCE or DSC MRI prior to
radiation have been shown to be prognostic factors for treatment response and
outcome.4,5,15,16 The common and consistent finding from these studies is that a malignant
glioma with high CBV, high CBF or high permeability is associated with poor response,
short time to progression, or worse survival.

An early prospective study shows that for patients who have high-grade glioms with great
fractional tumor volumes of high CBV survival is significantly worse than those who have
small fractional tumor volumes with high CBV (Fig 1).16 A retrospective study with a large
series of 189 patients with low- or high-grade glioma shows that relative tumor CBV before
RT predicts time to progression after therapy better than the pathological grade.5 For tumors
with high relative CBV (>1.75) prior to radiation treatment (RT), irrespective of
pathological grades, the median of time to progression was found to be 8.8 months; whereas
for tumors with low relative CBV (<1.75) before RT, there was a significant difference in
time to progression between patients with low and high grade gliomas. Another study
showed that a large sub-volume of the tumor with high vascular permeability in patients
with high grade gliomas prior to RT was associated with worse survival, whereas the tumor
volume defined by FLAIR abnormality, post-Gd T1 image, or contrast-enhanced rim was
not.15 Mapping the glioma CBV and vascular permeability prior to RT could aid in
identifying patients at risk for poor outcome for treatment intensification by either radiation
or combining radiation with chemo and/or targeted therapy.

Re-assessment of treatment strategies during the early course of RT can provide a feedback
measure allowing for re-adjustment of individual therapy. Evaluation of the response rate of
glioma CBV and CBF during the mid-course of fractionated RT may be valuable for
identifying non-responders from responders. Several studies of malignant gliomas have
shown that changes in tumor CBV and CBF after 3 weeks of the 6-week course of RT to be
predicative for outcome,16,34 and differentiate pseudo-progression from progression.35

In addition to assessing overall tumor response to RT, identifying the sub-volume of the
tumor resistant to therapy during the course of treatment can have substantial implication in
selection and delineation of radiation boost targets. This requires development and
validation of quantitative analysis methodologies to differentiate tumor responsive sub-
volumes from non-responsive ones, and their association with patterns of failure and
outcome. These heterogeneous responses are possibly due to tumor heterogeneity, which can
be targeted by local therapy like radiation. Utilization of CBV and CBF for target definition
of malignant gliomas in radiation therapy requires further validation, including by
pathophysiology and/or tumor pattern failure analyses. Finally, alteration of response pattern
of CBV and CBF in gliomas treated by concurrent RT and targeted therapy, e.g., anti-
angiogenesis drugs,33 requires studies to re-establish these biomarkers under altered
therapeutic conditions.

The predictive value of quantitative CBF and CBV imaging for response assessment has
also been demonstrated in patients who have brain metastases and are treated with
stereotactic radiosurgery (SRS).36,37 Although pre-SRS regional CBV and CBF failed to
predict therapy outcome in these studies, perfusion imaging at 6-week follow-up shows high
sensitivity and specificity for treatment outcome prediction. A decrease in tumor CBV 6
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weeks after SRS has 91% sensitivity and 71% specificity for prediction of treatment
outcome determined 5 months later, which is superior to the 64% sensitivity and 43%
specificity of morphological changes in tumor volume evaluated at the same time.36 It seems
that functional and physiological changes of tumor tissue after irradiation occur earlier than
morphological changes. Although pseudo-progression is less pronounced in brain metastases
treated by SRS than GBM treated by chemoradiation therapy,38 changes in regional CBV
and CBF during follow-up evaluation as early as 6 weeks may help in distinguishing the
extent of response, thus potentially supporting earlier adjuvant treatment decisions.

Hypoxia has significant implications for the effectiveness of radiation therapy. Certain
tumors have been long recognized to have a high probability to be hypoxic( e.g., cervical
and head and neck cancers). It is reasonable to assume that low blood flow and low blood
volume in cervical tumors or a sub-volume of such tumors can indicate a patient who is
prone to fail conventional radiation treatment. This hypothesis has motivated several studies
to investigate the prognostic value of dynamic contrast enhancement patterns on MRI in
cervical cancer patients prior to radiation therapy.39-42 The sub-volume of a cervical tumor
with poor contrast enhancement is identified clinically as a predictor for local failure, which
is independent of the tumor volume. Interestingly, a histopathological study shows that the
well-enhanced sub-volumes are predominantly composed of cancer cell fascicles, whereas
poorly enhanced areas are composed of fibrous tissue with scattered cancer cells.42

Nevertheless, radiation therapy is more effective for the well perfused tumor cells than
poorly perfused ones.42

A recent study further investigated the temporal changes of dynamic enhanced patterns in
cervical cancer during the course of radiation therapy and their association with local control
and survival.43 This study confirmed the previous finding that better 5-year local control and
survival rates are achieved in the patients who have no or small sub-volumes of tumors with
poor enhancement than ones that have largely poorly enhanced subvolumes within the
tumor. Most interestingly, if tumor poor enhancement improved during the early course of
radiation therapy, the patients had tumor local control and survival better than those patients
having poor enhancement persist to the mid-course of treatment. Although outcome was
favorable in patients with initially high contrast enhanced cervical cancers, a longitudinal
investigation of microenvironment changes in the tumor, e.g., perfusion and oxygenation,
during the early course of RT could further guide individualized therapy.

Similar to cervical cancer, tumor oxygenation in the primary sites and metastatic lymph
nodes of head and neck cancer has been recognized as a prognostic factor independent of
other known clinical variables.21-23 Non-invasive, in vivo mapping of oxygenation and
perfusion of head and neck tumors has suggested its added value for prognosis of outcome.
Recently, prognostic and predictive functional and metabolic imaging studies that assess
tumor hypoxia or tumor perfusion prior to therapy in HNC have been described.3,26,44-49

Interestingly, studies of the patients with HNC using dynamic 18F-fluoromisonidazole
(FMISO) PET 49 or DCE MRI and F-MISO PET50 have found that hypoxia and perfusion
provided complementary information, an inverse correlation in the tumor, and the pattern of
pre-RT tumor hypoxia or perfusion is correlated with outcomes of RT.

It appears that the parametric map derived from DCE imaging is able to detect the poorly
perfused sub-tumor volume below the detectability of FMISO, as indicated in a study.50 In a
large series of a perfusion study of 105 patients with HNC treated by RT, low tumor
perfusion prior to RT was associated with high local failure,3 suggesting that poorly
perfused HN tumors respond poorly to RT. Furthermore, pre-therapy tumor perfusion has
been identified as an independent predictor of T-stage classification for local failures.
Similar to the studies performed in cervical cancer, alterations in tumor perfusion parameters
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early after the start of chemo-RT for HNC were investigated for prediction of outcome. In
one investigation, improved perfusion after 2 weeks of a 7-week definite chemo-RT
treatment course correlated with better local control than persistent poor perfusion in
advanced HNC.25 With extensive promising and converging evidence, we still lack a
quantitative understanding of the extent of reliability (uncertainty) of these metrics derived
from DCE MRI, and such a gap currently hinders our ability to use it for clinical decision
making in individualized radiation therapy outside of a trial setting.

DCE imaging for assessment of normal tissue and organ response to
radiation dose

Radiation-induced vascular injury in normal tissue and organs can pose a risk for organ
function. Radiation can cause vascular damage such as vessel dilation, endothelial cell death
and apoptosis, microvessel hemorrhage, and eventually vessel occlusion.51-55 Vascular
damage can subsequently affect organ function, e.g., in the brain, liver and rectum.56-59 This
risk hinders the attempt to increase radiation dose to achieve a better tumor control or even
cure the cancer. Early monitoring of vascular response to radiation treatments has the
potential to predict the outcome of organ function after therapy, thereby selecting the patient
who is resistant to radiation for higher dose, potentially leading to a better chance of tumor
local control and better overall therapeutic outcome.

The liver is an organ that is sensitive to radiation. The risk of radiation-induced liver disease
(RILD)60 is a limiting factor for treatment of intra-hepatic cancer with high doses.
Symptoms generally occur 2 weeks to 2 months following completion of RT. The clinical
outcome ranges from mild, reversible damage to death.61-63 The pathology of RILD is veno-
occlusive disease (VOD), which is characterized by thrombosis within the central veins of
the liver producing “post” hepatic congestion.58 In the past, efforts to develop NTCP models
to estimate the likelihood of developing RILD have been based primarily on the planned
radiation dose distribution for the normal liver. The ability to predict RILD is improved by
including clinical factors.62,64-69 While these models have permitted the safe delivery of far
higher doses of radiation than were previously possible, they also suggest that there is a
broad range of individual patient sensitivity that is not reflected by prediction made solely
based on the physical dose distribution or general clinical features.

As the basic pathophysiology of RILD is venous occlusion, early assessment of venous
perfusion has the potential to select patients with pre-clinical signs of perfusion changes
prior to the onset of symptomatic radiation-induced injury. A previous study investigated the
portal venous perfusion changes during and after radiation therapy using DCE CT in patients
treated with high dose focal radiation therapy.70,71 It was found that the percentage changes
in the regional portal venous perfusion during the course of RT and one month after RT
were linearly related to the local doses accumulated up to the times of scanning. In addition
to the dose-dependency, the venous perfusion changes one month after RT also correlated
with the changes measured after receiving ∼ 45Gy during the course of RT, indicating
individual sensitivity to radiation. This finding motivated an investigation of the individual
portal venous perfusion-dose response function (PVPDRF) - the relationship between the
venous perfusion change and the local dose in individual patients.70 Interestingly, the livers
of different patients responded differently to the same radiation dose and/or dose
distribution, with critical biologically-corrected doses ( / =2.5) for undetectable portal
venous perfusion ranging from 35.2 Gy to 75.6 Gy with a median of 49.3 Gy. Most
importantly, the estimated mean portal venous perfusion in normal liver parenchyma
correlated with the overall liver function assessed by the clearance time of ICG, suggesting
that spatially-resolved portal venous perfusion could be a marker for overall liver function,
knowledge of which is required for radiation treatment planning and plan adaptation.
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Neurovasculature is also sensitive to radiation. Neurovascular injury might be a part of the
dynamic, interactive process of neurotoxicity, and relate to late cognitive dysfunction. Due
to the prolonged survival of some patients with brain tumors following treatment with
radiation and the advance in MRI technologies, delayed or late micro-hemorrhage in the
brain has been observed, and appears to have an incidence higher than anticipated
previously.

Effects of dose and dose-volume on neurovascular injury, tissue degeneration (white matter
demyelination and necrosis), and cognitive dysfunction are not well understood. Radiation-
induced vascular alteration also poses difficulty to differentiate tumor recurrence from
radiation necrosis.56,72 Several investigations attempt to shed light on these
questions.56,57,73 A longitudinal investigation of neurovascular changes as well as cognitive
function changes after conformal, whole brain or stereotactic radiation therapy could
provide an insight into these questions. A prospective study of DCE MRI for prediction of
radiation-induced neurocognitive dysfunction found that cerebral blood volumes and blood-
brain barrier (BBB) permeability increase significantly in the high dose regions during RT,
followed by a decrease after RT.57 Changes in both cerebral blood volume and BBB
permeability correlated with the doses accumulated at the time of scans at week 3 and 6
during the course of RT and 1 month after RT. The effect of the dose-volume on the
vascular volume was also observed. Finally, changes in verbal memory and learning scores
6 months after RT were significantly correlated with changes in cerebral blood volumes of
left temporal and frontal lobes and changes in BBB permeability of left frontal lobes during
RT, indicating the potential to use early changes in neurovasculature assessed by DCE MRI
as a biomarker for late neurocognitive changes. Although other imaging modalities are also
able to assess changes in cerebral blood flow and cerebral blood volume after RT,74,75 DCE
and DSC MRI are more suitable for repeated measures as required by a longitudinal study,
and also allow assessment of CBV, CBF, and vascular permeability in a single scan that
lasts just a few minutes. A further understanding of relationships of delayed micro-bleeding
to late neurocognitive function change, to tissue degeneration, to early vascular changes, and
to dose and dose-volume could provide guidance on radiation treatment planning and
improve quality of life.

DCE MRI for radiation target selection and delineation
As technological dose delivery has changed dramatically, target volume definition based
upon CT is increasingly becoming an obvious limiting factor in advanced precision
treatment. The role of functional imaging for target volume definition has been discussed by
several authors.1,76 It has been suggested that a tumor target volume could be defined and
segmented as multiple biological target sub-volumes, which could be defined based upon
multiple functional imaging examinations, each of which could be a prognostic factor for
radiation response.1 Dose sculpting and painting of multiple biological target sub-volumes
has been hypothesized.1,2 For such high precision radiation treatment, it is important to
understand the sensitivity and specificity of a functional imaging methodology for
localization and delineation of a tumor or sub-volume of tumor, and how the discriminative
capacity of these added biomarkers affects treatment planning. However, few studies have
been able to address this question. To this regard, there is a scarcity of work that has been
done for DCE imaging, with the exception of prostate cancer.

Substantial investigations have been performed using DCE MRI for localization of prostate
cancer.77-80 In early studies, dynamic enhancement patterns and/or the parameters derived
from DCE MRI were visually inspected and scored by radiologists, and then compared to
pathological diagnoses.77,78,81 Overall, sensitivity achieved ranged from 74-93% and
specificity from 79-96%, depending upon the experience of reading radiologists, imaging
acquisition protocol, and the parameters derived from DCE MRI as well as image
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processing approaches if used.77,7882,83 Also, a lower rate of localization of cancer was
observed in the transition zone than in the peripheral zone.78 In some studies, DCE MRI for
localization of prostate cancer has been compared to T2-weighted, diffusion, and
spectroscopic MRI, and it is often reported that DCE MRI has superior performance,81 and a
combined approach often shows a marginal improvement.84 A recent study85 showed the
sensitivity (82%) and specificity (89%) of the vascular parameters derived from DCE MRI
for localization of prostate cancer in the left lobe, right lobe or bilaterally are similar to that
found in choline PET/CT.86 Interestingly, the same study found that MRSI has a lower
sensitivity and specificity, with 55%-68% for sensitivity and 62%-67% for specificity,
depending upon spectroscopy pulse sequences and spatial resolution of spectroscopic
images.

In order to support delineating prostate gross cancer volume using DCE MRI, further
pathological validation has been done by few studies.85,87 In one study85 the parameters
derived from DCE MRI were not able to detect lesions with a size less than 3 mm and/or
composed of less than 30% tumor cells, whereas MRS failed to detect lesions with a size of
less than 8 mm and/or containing 50% cancer cells. While comparing with the histological
volume in specimens, DCE MRI-defined volumes underestimated the histological volumes,
especially in cases where the prostate cancer showed a diffuse tumor growth with a low
density of prostate cancer cells. These findings may also depend upon the imaging protocols
used in the study.85 Nevertheless, delineation of prostate cancer for radiation target remains
a great challenge. Another recent study, including a small series of 5 patients, attempted to
determine the accuracy of prostate gross tumor volume delineated based upon combination
of diffusion and DCE MRI by a radiation oncology expert.87 Of 22 lesions delineated on
prostatectomy specimens by a pathologist, five dominate cancers with volume greater than 1
cc, and four other smaller ones with a minimum volume of 0.56 cc were detected by the
experienced radiation oncologist based upon MRI with a spatial resolution of
2.5×2.5×2.5mm3. The gross tumor volumes of the five dominant cancers delineated on MRI
covered 44-76% of the pathologically determined tumor volumes, but had 62-174% of the
pathologically determined tumor volumes. In addition to errors of image registration, the
mis-matched characteristics between diffusion and vascular parameters (in 3 dominant
lesions) and negative appearance on MRI (in 1 dominant lesion) contribute to the missed
sub-volumes of the tumor delineated by the radiation oncology expert. The investigators
suggested use of a 5 mm margin in the gross tumor volume delineated on the MRI to
improve the tumor volume coverage. Using this expansion guideline, gross tumor volumes
were 2.5-3 times as large as the pathological tumor volumes. Whether this can be accepted
or not for radiation target definition is subject to discussion. Finally, development of multi-
parameter MRI and automated methods for detection of prostate cancer in the peripheral
zone has been attempted.88-90 Although these tools are in the preliminary stage of
development, they have the potential to overcome difficulties in comparison and replication
of the results for localization and delineation of prostate cancer reported by previous studies.

Issues related to DCE imaging in Radiation Therapy
Issues related to the utilization of DCE imaging in radiation oncology perhaps depend upon
the attempted usage. There are some common issues related to all types of cancer therapy,
but others uniquely to radiation therapy. These common issues include standardization of
imaging protocols, the pharmacokinetic models, and quantitative metrics derived from the
DCE imaging data, quality control/assurance of imaging acquisition, and reproducibility and
accuracy of the method as a whole. Currently, there are several national initiatives that aim
to address some of these issues. These include the Reference Image Database to Evaluate
Response to Therapy (RIDER) project of the National Cancer Institute's Cancer Imaging
Program, Quantitative Image Network (QIN) of the National Cancer Institute (https://
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wiki.nci.nih.gov/display/CIP/QIN), and Quantitative Imaging Biomarker alliance (QIBA)
(http://qibawiki.rsna.org). One of the issues that has been focused on from such initiatives is
the physical uncertainty resulting from image acquisition.91,92 The physical uncertainty of
the quantitative metrics derived from DCE imaging can result from image acquisition as
well as computation methods,93 and can be random and systemic (biased). The physical
uncertainty needs to be characterized, and thereby to be powered into the clinical trials to
assess a given size of biological effects of therapy.91

Currently, image acquisition protocols and processing strategies are far from being
standardized, which hinders cross comparison of the data from different labs or trials as well
as conducting multi-center trials. The reproducibility of the DCE quantitative metrics, which
can result from both physical uncertainty and biological uncertainty, determines the ability
of a metric to measure therapy response in individual patients. The reproducibility of a
metric may also be tumor site specific due to biological variation. A few technical aspects of
the issues, such as the measurement of arterial input function due to acquisition parameters
as well as its influence on the derived parameters,94-98 sensitivity of the derived parameters
upon quantification software of the pharmacokinetic (PK) model, image quality and
acquisition parameters additional to arterial input function,93 and repeatability of the
parameters based upon the PK models or non-PK models in the tumor and normal tissue,
have been investigated.99-102 These efforts are works in progress, and few repeat image data
sets are available to the scientific community for analysis.

In addition, lack of standards for image acquisition, parameter quantification methods, and
statistical metrics (or methods)103 makes it difficult to interpret and utilize the limited
published information. Uncertainty of image registration among the series of DCE images
acquired over a period of time and to the treatment planning CT is also an issue. Although it
is not unique for DCE imaging in radiation therapy assessment, misalignment between a pair
of images acquired at different time points challenges the validity of voxel-level statistical
analysis. Although deformable image registration can achieve better geometric accuracy
than rigid body methods, irregularity of the deformable field can propagate into the signal
intensity interpolation in the parameter map,104 and result in more errors in the signal
intensities, in severe cases yielding a salt-and-pepper looking image, which is more
problematic for a functional or physiological parameter image than a geometric image. In
additional to the technical validation issues, the derived parameter has to have sufficient
sensitivity and specificity for the clinical problem addressed, e.g. prediction for tumor local
control, time to disease survival, or overall survival.

There are further challenges for utilization of DCE imaging in radiation therapy. Radiation
treatment and planning need to consider where the tumor is spatially, where the extent or
margin of the tumor is, where tumor response is, and where the tumor at risk for failure is, in
order to delineate radiation targets and define boost volumes. In the consideration of tumor
delineation, it is important to understand how sensitive DCE imaging is to the tumor size
and tumor cell density and how specific it may be for distinguishing the tumor from other
tissues. It is important to perform pathological validation of DCE imaging for tumor
delineation, which has been only pursued in a limited fashion and presents great challenges
technically and clinically. Comparing image-derived tumor patterns of failure with the
parameter map of DCE imaging could aid in assessing the value of DCE, particularly for
organs where a pathological sample is hard to obtain, e.g., in the brain.

In summary, the wealth of information provided by perfusion estimation through dynamic
contrast enhanced imaging is providing new insights into prognosis as well as assessment of
tumor and normal tissue responses to radiation and combined modality therapies. Such
imaging may play a role in treatment modality selection, target definition, and therapy
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individualization, although the evidence supporting these roles is still preliminary. To
progress from preliminary studies to broad application, a number of validation steps, both
technical as well as clinical/pathological, are needed. National efforts at technical validation
will support the optimal use of DCE as a biomarker, and ideally early stage clinical trials
will expand into broader investigations leading to establishment of this important
methodology in routine clinical care.
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Figure 1.
Survival is significantly worse for the patients who have high-grade gliomas with great
fractional tumor volumes with high CBV pre RT than those with small fractional tumor
volumes with high CBV.
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Figure 2.
Portal vein perfusion maps prior to RT (left)_and after the tumor received 46.5 Gy (right)
color-coded and overlaid on the liver axial CT. Note that the substantial reduction in venous
perfusion in the region received more than 40 Gy (right). Both images were windowed
identically. (Figure 3 in Cao et al, Med. Phys. 34(2):604-612, 2007. pending on copy right
permission from the journal)
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Figure 3.
Two large lesions were detected by DCE-MRI. The lesion in the dorsal part of the right lobe
of the prostate being smaller than 3 mm and containing less than 30% of cancer cells was
not detected by DCE-MRI. (Figure 6 in SCHMUECKING et al, Int. J. Radiat. Biol., Vol. 85,
No. 9, September 2009, pp. 814–824, pending on copy right permission from the journal)

Cao Page 17

Semin Radiat Oncol. Author manuscript; available in PMC 2013 April 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


