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Purpose: A magnetic resonance (MR) biologic marker (biomarker) is a measurable quantitative
characteristic that is an indicator of normal biological and pathogenetic processes or a response to
therapeutic intervention derived from the MR imaging process. There is significant potential for MR
biomarkers to facilitate personalized approaches to cancer care through more precise disease targeting
by quantifying normal versus pathologic tissue function as well as toxicity to both radiation and
chemotherapy. Both of which have the potential to increase the therapeutic ratio and provide earlier,
more accurate monitoring of treatment response. The ongoing integration of MR into routine clinical
radiation therapy (RT) planning and the development of MR guided radiation therapy systems is pro-
viding new opportunities for MR biomarkers to personalize and improve clinical outcomes. Their
appropriate use, however, must be based on knowledge of the physical origin of the biomarker signal,
the relationship to the underlying biological processes, and their strengths and limitations. The pur-
pose of this report is to provide an educational resource describing MR biomarkers, the techniques
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used to quantify them, their strengths and weakness within the context of their application to radia-
tion oncology so as to ensure their appropriate use and application within this field. © 2021 Ameri-
can Association of Physicists in Medicine [https://doi.org/10.1002/mp.14884]
Key words: biomarker, imaging, MR, QIBA, quantitative, radiation therapy
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1. INTRODUCTION

A magnetic resonance (MR) biologic marker (biomar-
ker) is a measurable quantitative characteristic that is an
indicator of normal biological and pathogenetic processes
or a response to therapeutic intervention derived from the
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MR imaging process." There is significant potential for
MR biomarkers to facilitate personalized approaches to
cancer care through more precise quantification of normal
vs pathologic tissue function, response to therapy as well
as toxicity to both radiation and chemotherapy. The ongo-
ing integration of MR into routine clinical radiation ther-
apy (RT) planning and the development of MR-guided
radiation therapy systems are providing new opportunities
for MR biomarkers to personalize and improve clinical
outcomes. Their appropriate use, however, must be based
on knowledge of the physical origin of the biomarker sig-
nal, the relationship to the underlying biological processes,
and their strengths and limitations. Additionally, while sig-
nificant literature exists providing quantitative values asso-
ciated with a range of MR biomarkers, these values would
not be considered compliant with the stringent require-
ments necessary to classify the parameter as a quantitative
MR biomarker. This is particularly true within the context
of using these values to drive radiation oncology (RO)
treatment decisions, the most notable of which relate to
adaptive treatment planning and delivery. The overall
objective of this report is to provide physicists and clini-
cians with a basic understanding of MR biomarkers within
the context of RO. Clarification is provided in terms of
the definition of an imaging biomarker as well as the cri-
teria by which a biomarker is considered quantitative.
Their physical bases, strengths and limitations, values for
normative and disease processes, as well as response to
therapy when known are presented. Finally, standardized
approaches to quality control and quality assurance pro-
grams are described.

This educational report serves several purposes: (i) To
describe the framework used to define an imaging biomar-
ker and establish clinical validation, utility, and quantifica-
tion, (ii) to identify MR biomarkers known to provide
information relevant to RO, (iii) to describe standardized
processes necessary for the quantification and validation
of MR biomarkers in RO, and (iv) to provide quantitative
values of these biomarkers under both normative and
pathologic conditions.

While not all potential MR biomarkers for RO are
described here, those considered most common and promis-
ing are reported. For those measurements that remain undis-
covered or unclassified, it is the intent of this report to
describe the framework required to translate such measure-
ments into imaging biomarkers for RO application.

TaBLE I Stages of biomarker development adapted from Sorensen.’

Term / Stage Definition

Pre- Proof of concept establishing technical performance

biomarker

Biomarker Safety and reproducibility established but utility not yet
clear

Surrogate Qualified for use in drug development

Licensed Used in therapeutic decision making
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TasLE II. Biomarker classification based on type. Note the bracketed values
for biomarker Type (0, I, III) reflect the nomenclature used by Frank et al*
and have been included for the purposes of cross referencing.

Biomarker

classification Description

Type 0 (0) Marker of the natural history of a disease and
correlates longitudinally with known clinical indices
Type 1 (I) Marker that captures the effects of a therapeutic

intervention in accordance with its mechanism of
action.

Marker that is intended to substitute for a clinical
endpoint and expected to predict clinical benefit (or
harm or lack of benefit or harm) on the basis of
epidemiological, therapeutic, pathophysiological, or
other scientific evidence.

Type 2 (II)(surrogate
endpoint)

2. DEFINITIONS

In 2001, in response to the rapid growth of new molecular
based drug therapies and the need to provide more expedi-
tious assessment of therapeutic efficacy, the National Insti-
tutes of Health described the concept of a biological marker
(biomarker)” as being “A characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathogenetic processes, or pharmacologic
responses to a therapeutic intervention.” Since that time the
definition has been broadened to include not only the inci-
dence and outcome of disease but also any “... laboratory
measurement that reflects the activity of disease processes.”
Extending this concept to imaging provides the definition of
an MR biomarker as any anatomic, physiologic, biochemical,
or molecular parameter detectable with MR imaging methods
used to help establish the presence and/or severity of dis-
ease.! For RO, we have further refined this definition as any
anatomic, physiologic, biochemical, or molecular parameter
detectable with MR imaging methods to identify the presence
and/or severity of a malignancy and its response to therapy.

Since the biomarker concept originated with drug develop-
ment, much of the nomenclature describing them was taken
from this perspective, as exemplified by Sorensen’s four
stages of biomarker development (Table I) where a given
stage or term refers to a biomarker’s overall utility. For the
purposes of RO, Frank and Hargreaves* provide a more prac-
tical and relevant classification system dividing biomarkers
into types 0, 1, and 2 as outlined in Table II. These three
types (0, 1, and 2) are taken directly from the NIH Biomark-
ers and Surrogate Endpoint Working Group classification
scheme for biomarkers and attempt to classify a biomarker in
terms of its clinical impact or significance. Under this frame-
work, Type O biomarkers demonstrate a correlation with a
“gold standard” clinical assessor while a Type 2 reflect treat-
ment efficacy validated through clinical trials.*

The majority of RO MR biomarkers described within this
report will be considered as Type 0. It is important to note
that Type 2 biomarkers are not true Type 2 (i.e., surrogate
endpoint) since they have not been validated against the clini-
cal outcomes for which they are being used.
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3. BIOMARKER QUANTIFICATION
3.A. Quantitative descriptors

While many imaging biomarkers are capable of generating
numeric values, this does not necessarily qualify them as
being a quantitative imaging biomarker (QIB). Sullivan et al°®
described the characteristics an imaging biomarker must sat-
isfy to be considered as a QIB. In particular, the value, or
measurand, generated by the biomarker may be either a ratio
variable or interval variable. Ratio variables have a clear defi-
nition of zero and the ratio of two given values can be inter-
preted. The measurement of tumor volume is an example in
which a value of zero means the absence of the mass and
where change in this value can be expressed as a percentage
that is meaningful (i.e., ratio of two values). In contrast, inter-
val variables do not have a meaningful zero, and while the
difference between two given variables is meaningful, their
ratio is not. A common example of this in CT imaging is
measurement in Hounsfield units (HU). By definition, a mea-
surement of zero based on the electron density and formalism
of an HU is assigned to the density of water. A material with
a HU of zero does not, in fact, have zero electron density.
Furthermore, a material with a Hounsfield reading of 400, for
example, is not twice the electron density of a material with a
HU of 200. The difference between these two is meaningful
in the sense that the 400 HU material has a higher electron
density than the 200 HU material, but it is not twice the elec-
tron density. A clinical example of an interval variable is CT-
based estimates of the percentage emphysema index and the
percentile density in the assessment of emphysema severity.®
Therefore, while the majority of MR biomarkers described in
this work have some quantitative aspects, they are not neces-
sarily, by definition, a QIB unless they can be defined as
either a ratio or interval variable.

3.B. Standardized reporting efforts

With appropriate calibration, most imaging technologies
can provide quantitative information about some properties
of the material from which the imaging signal has emanated.
Thus, imaging methods also constitute biomarker measure-
ment processes and are conceptually similar to laboratory or
physiological assays. Standardized terminology and methods
have become established in medicine to describe, evaluate
and validate laboratory assays. The same concepts and
approaches should be applied to imaging assays. Although
investigators in the imaging community have been active in
developing and evaluating QIBs for several years, the devel-
opment and implementation of QIBs has been hampered by
the inconsistent or incorrect use of terminologies and
methodologies pertaining to technical performance and asso-
ciated statistical concepts.® Technical performance is an
assessment of how a test performs on reference objects or
subjects and under controlled conditions. Once technical per-
formance is established for a given biomarker, additional
research needs to be performed to determine clinical valida-
tion (how it performs in a human population, e.g., clinical
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sensitivity and specificity) and clinical usefulness (its benefit
in terms of clinical or regulatory outcomes).

In response to the need for reliable and reproducible quan-
tification of biomedical imaging data, the Radiologic Society
of North America (RSNA) in 2007 organized the Quantita-
tive Imaging Biomarkers Alliance (QIBA) whose mission is
to improve the value and practicality of quantitative imaging
biomarkers by “reducing variability across devices, patients
and time.” (http://www.rsna.org/QIBA/) QIBA participants
span a wide range of expertise including clinical practice,
clinical research, physics, statistics, engineering, regulatory,
pharmaceutical, and computer science.

Quantitative Imaging Biomarkers Alliance employs a sys-
tematic, consensus-driven approach to produce a QIBA Pro-
file, which is a standard document that includes two items: (i)
One or more claims, which tell a user what can be accom-
plished by following the Profile; and (ii) the specifications
necessary to achieve that claim (i.e., specifications tell a ven-
dor what must be implemented in their product, and tell a
user what procedures are necessary during image acquisition
and processing). QIBA Profiles are based on published data,
when available and on expert consensus opinion for specifi-
cations where insufficient data exist. The focus of a profile is
to reduce bias (accuracy) and improve reproducibility (preci-
sion) of a quantitative result from an imaging examination
(see Section 3.C for further definition). The QIBA process
specifies what to achieve, rather than how to achieve it, and
the general approach is as follows:

1. Identify Sources of Error and Variation in Quantitative
Results from Imaging Methods: Stakeholders identify
problems leading to error or variability in quantitative
results from imaging methods.

2. Specify Potential Solutions: Stakeholders identify
potential strategies, infrastructure, or guidelines for
error mitigation and collaborate on development of
hardware, software, and protocol solutions.

3. Test Solutions: Vendors and researchers implement
QIBA solutions (profiles) to assess their feasibility and
efficacy.

4. Promulgate Solutions: Validated solutions (profiles)
are disseminated and implemented through vendor
adoption, research integration, and clinical education.

Quantitative Imaging Biomarkers Alliance also estab-
lished a Metrology Working Group which developed recom-
mendations on terminology and methodology for assessing
the technical performance of a quantitative imaging biomar-
ker. Publications from that group can be found at
https://www.rsna.org/research/quantitative-imaging-biomarke
rs-alliance/metrology-papers.

QIBA provides an established framework for standardizing
QIB development which can be applied to expedite the trans-
lation of a QIB through the biomarker development process.
The adoption of the QIBA methodology for MR biomarker
development in RO is supported and encouraged by the
authors of this work. To demonstrate how the QIBA
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methodology can be adopted for QIB MR biomarkers,
Appendix A.1 (Online Supplemental Material) uses the ADC
as an illustrative example, describing the steps necessary for
biomarker development within the QIBA framework.

3.C. Validation

Biomarker validation describes the process of characteriz-
ing a biomarker in terms of its measurement performance
characteristics and establishes the range of conditions in
which the biomarker’s values are considered reproducible
and accurate.” As such, all biomarkers require validation. The
extent of the validation process will in turn determine the
degree to which the biomarker can be used in diagnosis,
prognosis, or as an indicator of therapy response. In the con-
sensus statement on imaging biomarkers for cancer studies,
O’ Connor et al® provided guidance regarding the steps neces-
sary to translate imaging biomarkers in cancer from discovery
to surrogate endpoint. Thus, the methodology described in
this work has been adapted to the application on MR
biomarkers in RT. In order for a biomarker to be considered a
surrogate, the ultimate and most effective use of a MR bio-
marker, it must pass through three domains in sequential
order: discovery (Domain 1), validation (Domain 2), and
qualification and ongoing technical validation (Domain 3).
For the purposes of this report, the assumption is made that
the MR biomarker has passed through Domain 1, having
already been identified as a biomarker of cancer in RT. Once
a potential biomarker has been discovered (i.e., passed
through Domain 1), it must then be validated which involves
biological and clinical validation and determination of clini-
cal utility (Domain 2). If it successfully completes these steps
it is precision and bias must be quantified (Domain 2). Suc-
cessful transition through Domain 3 requires biomarker qual-
ification. These steps are described as follows:

3.C.1. Biological validation, clinical validation, and
clinical utility (Domain 2)

Biological validation refers to the linking of the biomarker
to the source of its signal (i.e., the underlying normal or
malignant biology). For the purpose of this work, the
assumption is made that this link is known well enough to
establish a sufficient understanding of the biological pro-
cesses that generated the signal. As identified by O’Connor
et al® an essential component of this stage involves animal
studies to enable “clinically relevant imaging biomarkers to
be related to fundamental biological processes that can only
be measured with invasive techniques”.8 However, it is
important to note that in many instances this exact relation-
ship remains to be fully elucidated, particularly in terms of
malignancy. Clinical validation involves the establishment of
the relationship between the biomarker value and a clinical
variable, such as a patient’s performance status following
therapy. Clinical utility is the demonstration that the biomar-
ker leads to a net improvement in health outcomes or pro-
vides information on the diagnosis, treatment, management,
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or prevention of disease.® In essence validation identifies
how well the biomarker performs in a human population®
while utility identifies the relationship with overall clini-
cal outcome. The requirements for establishing clinical
utility — a necessary step toward establishing the biomarker
as a surrogate — are more demanding when compared to
those clinical validation and involve the most rigorous testing,
including multicenter prospective clinical trials with suffi-
ciently large patient populations with long-term clinical
follow-up to establish the appropriate statistical power.’
Because of the expense and effort required to determine clini-
cal utility, few imaging biomarkers have been established as
surrogates. Most MR biomarkers are currently viewed as
being correlated with clinical variables.

3.C.2. Precision (Domain 2)

O’Connor et al® described quantification of both repeata-
bility (i.e., variance of repeated measures under the same
conditions in the same individual) and reproducibility (i.e.,
variance of measurements performed on different equipment,
by different operators, at different sites) as related parameters
necessary to define the precision of the biomarker. For RO
applications, assessment of these two parameters can be
achieved through the establishment of a QIBA profile in
which the precision of the biomarker is established, along
with the conditions for which these values are valid including

e702

compliance with QIBA image acquisition and process-
ing/analysis.

3.C.3. Bias (Domain 2)

Bias (accuracy) refers to the systematic difference between
the measured and true value. Technical bias, the difference in
measured vs known biomarker values when measured in a
phantom, is easier to quantify than clinical bias, which
requires assessment of the difference between the known vs
measured value in patients. Again, the establishment of a
QIBA profile with its associated protocol and claims is the
most straightforward method for quantifying MR biomarker
bias.

3.C.4. Qualification (Domain 3)

Qualification — the final process in biomarker develop-
ment — refers to the establishment of the link between the
underlying biological processes and clinical endpoints,
thereby establishing the fitness of the biomarker for a given
purpose, such as monitoring therapeutic response following
RT. Similar to clinical utility, few MR imaging biomarkers
reach this level of validation, and without it a biomarker can-
not be used as a surrogate measure of the clinical outcome of
interest. When evaluating biomarker qualification, consider-
ing the quality of the underlying validative clinical data is

TasLe III. Stepwise approach to MR biomarker development and testing in radiation therapy. Biomarker type includes integer values as described by Frank et al*
as described in Table 2 while domain describes the respective sequential steps required for biomarker translation from discovery to surrogate as outlined in Sec-

tion 3.C.%
Biomarker Step

Domain Type Required Procedures # Comments

1 - Determine if biomarker is quantitative 1 Determine if the biomarker is quantitative or not. If the biomarker is quantitative

and what type. characterize the biomarker measurand is either a ratio variable or interval variable.
See Section 3.A for details.

1 - Identify underlying biological processes 2 Biomarker cannot be used in any phase of the radiation therapy process. The potential

associated with the MR biomarker. application/use of biomarker can be investigated.

2 - Biomarker validation. 3 Requires continued investigation of application/use of biomarker. No treatment
decisions based on quantitative biomarker values can be made. See Section 3.C for
details.

2 - Development of vendor neutral quality 4 Requires QC/QA procedures in order to benchmark quantitative biomarkers. QC/QA

control program and phantom. programs should be vendor agnostic thereby ensuring that similar biomarker values
are obtained independent of scanner manufacturer.

2 - Establish standardized imaging 5 Required before QIB data can be used. A single, standard imaging protocol should be

protocols. developed which is independent of the specific model, make and hardware of the MR
scanner. If not achievable a standard protocols for a given manufacturer and field
strength should be developed to allow for longitudinal comparison of biomarker
values so as to provide meaningful, quantitative interpretation of biomarker values.

2 - Establish mathematical model(s) and 6 Necessary to allow for use of biomarker data across multiple sites and for comparison

standardize analysis techniques. of QIB data.

2 0 Establish clinical validation. 7 Use of biomarker values can be incorporated into the radiation therapy process.
Treatment decisions cannot be made based on MR biomarker information alone.

2 1 Establish clinical utility. 8 Biomarker can be used in the radiation therapy decision process. Until utility is
established, it should not be used in the absence of established clinical variables.

3 2 Establish biomarker qualification. 9  May be used as a diagnostic biomarker of disease (prognostic), a method for directing

therapy or as a surrogate endpoint of treatment response (predictive).

Medical Physics, 48 (7), July 2021
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also important, since the given clinical study quality may be
highly variable, ranging from a small retrospective series to
larger, prospective, or randomized trials.

3.D. Development of MR biomarkers for use in
radiation oncology

The appropriate use of an MR biomarker in RT depends
on the matching of the biomarker type and domain to the
application of the biomarker information. For example, only
MR biomarkers that qualify as surrogate endpoints should be
used to dictate treatment decisions or determine either
response to therapy or treatment outcomes. Biomarkers that
undergo thorough technical validation (Domain 2) but are yet
to undergo qualification may still provide valuable, quantita-
tive information that complements other known response
measures. The progression of an MR biomarker along the
translational pathway requires significant research and devel-
opment as described by Abramson et al.'” In addition, the
ongoing evolution of QIBA biomarker profiles address many,
if not all of the steps involved in the biomarker development
process and is therefore a valuable resource to understanding
the process. Table III provides a list of procedures and guide-
lines recommended to transition a biomarker from the
discovery phase to surrogate endpoint, and in doing so pro-
vides an indicator of where the biomarker falls along this
pathway. Unlike Tables I and II which classify a biomarker
in terms of its development stage (initial = prebiomarker,
final = licensed) and type (0, 1, and 2) Table III outlines in
sequential order the steps that are necessary for a biomarker
to progress from discovery to surrogate endpoint.

4. MR BIOMARKERS, ASSOCIATED BIOLOGIC
AND GENETIC PROCESSES, AND IMAGING
TECHNIQUES

MR biomarkers have been classified into two categories:
those in active development and emergent. This classification
is based on the status of a MR biomarker specific to RO as
opposed to their overall development. Active development
refers to the fact that the biomarker has been shown to corre-
late with disease identification and response to therapies
related to oncology and that significant efforts are underway
to further develop the biomarker specific to RO. Emergent
indicates the parameter under consideration has been classi-
fied as a biomarker and that preliminary data exists indicating
that the biomarker has potential application in RO.

4.A. MR biomarkers in active development

There are a number of MR biomarkers measuring gross
anatomy down to the molecular features of tissue that are
under active development. Many of these biomarkers have
direct applicability to oncology imaging by providing infor-
mation on disease location, extent, and response to therapy.
These biomarkers are described below both in terms of the
underlying biological processes that produce the biomarker

Medical Physics, 48 (7), July 2021
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signal, as well as their current and potential application(s) in
RO.

4.A.1. Anatomic

MR-derived estimates of tumor volume provide a quantita-
tive estimate of disease extent and burden as changes in
tumor volume provide a method for determining response to
therapy. As such, tumor volume has strong potential as a clin-
ically useful QIB and is simple to measure. However, the
diversity of contrast mechanisms for anatomical MR imaging,
in addition to signal heterogeneity as a function of tumor type
pose challenges in the clinical implementation of this biomar-
ker. Even when accurate measures of tumor volume can be
made which are known to be more problematic in MR due to
spatial distortion from multiple effects, not all malignant
masses demonstrate a strong correlation with treatment out-
come. For example, within the lung it is generally appreciated
that change in tumor volume reflect therapeutic response.
In contrast, in Ewing sarcoma — the second most common
malignant bone in pediatrics and young adults — inadequate
early change in tumor volume following chemotherapy is not
predictive of adverse outcome while late volumetric change
with histologic response was demonstrated to have higher
correlation with event free survival.'> With the increasing use
of targeted and immunotherapies it is unclear what anatomic
changes will occur and how well they correlate with response
to therapy. Additional investigation is therefore required
before this biomarker can be used as a surrogate endpoint
(i.e., Type 2). There also is considerable variability in the
results obtained when manual segmentation of tumor vol-
umes is performed indicating that more robust and consistent
processes such as the use of deformable image registration
and automatic segmentation algorithms are required.

Quantification: In an attempt to measure changes in
tumor size in oncology as a reflection of response to therapy,
the Response Evaluation Criteria in Solid Tumors
(RECIST)"? was established in 2000. Since that time, a
revised version, the RECIST 1.1, has been published.14
RECIST 1.1 requires the identification of up to five target
lesions within an organ, followed by measurement of either
the longest (non-nodal lesion) or shortest (nodal lesion)
dimension. A sum of diameters is then used as the baseline
measurement. Response to therapy is determined based on
defined percentage and absolute change in this value. While
the guidelines provide a defined protocol for assessment of
response, it does not reflect the entire tumor burden and the
RECIST working group has recognized that true volumetric
measurement would be preferred over unidimensional mea-
surements if sufficient reproducibility of volume measure-
ments was achievable. However, volume measurements are
more sensitive and variable across observers when manual
segmentation methods are used."”

As a biomarker of treatment response, either RECIST-
derived or volumetric measurements can be considered as
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Licensed and of Type 2, given that the absence of the physi-
cal dimensions of a mass is indicative of no disease or com-
plete treatment response. As a QIB, either estimate can be
considered as a ratio variable.

Anatomic QA/QC: The validity of either volumetric or
RECIST-based estimates of tumor burden relies upon the spa-
tial fidelity of the MR data from which they are derived. To
this end, quality control programs developed by professional
bodies, such as the American College of Radiology (ACR),"
the American Association of Physicists in Medicine
(AAPM),]7 and MR scanner manufacturers, exist to ensure
that MR scanners produce images with the highest spatial
fidelity possible. In addition, it is likely that a recently formed
AAPM Task Group (TG # 284) entitled “Magnetic Reso-
nance Imaging Simulation in Radiotherapy: Considerations
for Clinical Implementation, Optimization, and Quality
Assurance” will produce a report covering issues related to
quality control of MR data, particularly in the setting of its
use in RO. The quality assurance guidelines and tolerances
recommended by the upcoming report should be followed.
Furthermore, the MR images from which spatial measures of
disease burden are obtained should comply with the follow-
ing:

1. Performance of an established quality assurance pro-
gram recommended by accrediting or professional bod-
ies with specified tolerances over defined imaging
volumes.

2. The use of either 2D or 3D gradient distortion correc-
tion algorithms for all MR data depending upon the
acquisition method (2D vs 3D).

3. Avoidance of spatial measurements on sequences
known to be prone to geometric distortions, such as
single shot echo planar imaging (EPI) for DWL.

Anatomic measures as biomarkers in radiation
oncology: Guidelines such as RECIST or Response Assess-
ment in Neuro-Oncology criteria (RANO) provide categori-
cal definitions based on 2D measurements for therapy
response assessment using imaging and can be easily incor-
porated as such for therapy assessment. While the clinical
implementation of these assessments is relatively widespread,
both RECIST and RANO reports have recommended even-
tual transition to tumor volume measurements. Particularly
for RO, as radiation treatment plans are based on tumor and
treatment volumes defined in the treatment planning system,
these segmented volumes tracked consistently over time
would provide more sensitive measurements of tumor volume
change.

Biomarker strengths, weaknesses, and limitations: As
defined by the RECIST 1.1 criteria,'* complete response to
therapy is determined by the disappearance of visible tumor
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on post-treatment imaging. Beyond the situation of a com-
plete response, the quantitative measurement of the relative
changes in an enhancing tumor has limitations. The reliance
of human measurement introduces a level of subjectivity and
user-dependent variability regarding slice selection, visual
edge detection, and identification of long or short axes. The
use of one or two length measurements to represent tumor
volume is also considered as a simplification of tumor vol-
ume, although protocols for volumetric measurements may
be burdensome to perform and have not been standardized.
For some tumors, change in tumor size is a late indicator of
response. In addition, tumor volume changes also occur due
to processes such as inflammation or necrosis and may not
be reflective of tumor response to treatment.'® Thus, guideli-
nes are frequently modified for various disease sites or thera-
peutic approaches. Similarly, strategies incorporating active
surveillance or targeting progression-free survival may not
require the elimination of tumor mass as an endpoint, and
thus must rely on other biomarkers to be effective.

4.A.2. Relaxometry

Tissue contrast in MR is determined by differences in
relaxation rates of the MR signal following the addition of
radio frequency (RF) energy.'” " Quantification of this effect
and the differences across various tissues and organs is
referred to as relaxometry, with the three most common relax-
ometry parameters being T;, T,, and T,*. T; represents the
time constant characterizing so-called spin-lattice relaxation
and relates the exchange of energy between the microstruc-
ture, historically referred to as the “lattice” (i.e., local atomic
and molecular environment), and the ensemble nuclear mag-
net moments (i.e., spin system) of the tissue. T, relaxation,
also known as spin—spin relaxation, is related to the inverse
of the tumbling rate or correlation time (t.) of the molecule
of interest. Because t. increases with decreasing molecular
size and mobility of the molecule within the local micro-
scopic environment, T, is positively associated with the rela-
tive mobility of molecules within tissue. Finally, T,* is a
measure of both T, and macroscopic perturbations to the
main magnetic field (i.e., By). These relaxation times are time
constants of exponential decay or regrowth commonly
expressed in milliseconds, while R;, R,, and R,* are their
reciprocal rates expressed in 1/s or Hertz.

Since the inception of MR imaging, differences in tissue
relaxation values have been thought to infer information
regarding tissue organization and microstructure which can
be used to diagnose and stage various benign and malignant
diseases. These changes can be qualitatively assessed by
means of imaging techniques that provide tissue contrast
weighting based on a specific relaxation property (e.g., T{- or
T,-weighted imaging) or quantitatively by means of paramet-
ric MR imaging of an individual relaxation parameter.'’

Relaxometry quantification: MR relaxometry quantifica-
tion involves the estimation of Ty, T,, and T,*. Due to the
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historically qualitative nature of MR imaging techniques and
the variability among MR equipment, techniques and field
strengths, standardization of quantitative in vivo MR relax-
ometry imaging is lacking. QIBA profiles for these relaxome-
try parameters do not exist and are not under development.
Consequently, claims pertaining to measurable change in
individual biomarker values and percentage confidence limits
do not currently exist.

As a biomarker, relaxometry values can be considered as
being at the biomarker stage of development as defined in
Table I and classified as Type 1 (Table II) in which either the
absolute value or its change is associated with disease stage.
However, as a QIB, relaxometry values do not conform to
either ratio or interval variable definitions. Although MR sys-
tems may estimate zero values for a given relaxometry param-
eter, this value reflects the sensitivity of the equipment as
opposed to the presence of a true zero value. Similarly, the
absence of a zero value could be a qualification for considera-
tion as an interval variable; however, differences in relaxome-
try values do not scale proportionally to the associated
physical parameter. For example, while T is considered to be
positively correlated with fluid content, a doubling of tissue
T, in units of milliseconds does not reflect a doubling of tis-
sue fluid content.

Relaxometry  QA/QC: Recent collaborative efforts
between the International Society of Magnetic Resonance in
Medicine (ISMRM) and the US National Institute of Stan-
dards and Technology (NIST) has resulted in the develop-
ment of a relaxometry phantom and standardized imaging
protocols for quantifying T}, T, and proton density (https://
www.nist.gov/programs-projects/quantitative-mri). The phan-
tom is a modified version of that developed for the Alzhei-
mer’s Disease Neuroimaging Initiative (ADNI). The phantom
is spherical in shape with an inner diameter of 200 mm, filled
with deionized water, and 57 fiducial spheres with inner
diameters of 10 and 40 mm. The larger diameter spheres are
used for quantitative T, T,, and proton density assessment.
Imaging of the phantom, using NIST scanning protocols,
assesses the quantitative accuracy of these parameters and
compares the reproducibility and variability of these values
across MR scanner platforms.

Relaxometry as a biomarker in radiation oncology: In
malignancy, both qualitative and quantitative changes can be
indicative of the presence or activity of cancer cells, necrosis,
radiation damage, inflammatory response, perfusion, and
more. Quantitative relaxometry presents a challenge,
although, in that precise quantification involves the use of
imaging sequences that require long acquisition times
obtained under ideal imaging conditions. As a result, in vivo
approaches involve faster techniques, often by acquiring mul-
tiple acquisitions per repetition, such as multiple low flip
angle gradient echo acquisitions after an inversion pulse for
T, multiple spin echoes following an excitation pulse for spin
echo T, measurements, or multiple gradient echoes for T,*.
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Corrections for flip angle, RF inhomogeneity, slice profile, or
even other relaxation times are often necessary and further
decrease the precision of relaxometry measurement. As a
result, qualitative descriptive terms such as hypo or hyper
intense are used in the context of the type of tissue weighting.
Practitioners are cautioned against establishing specific
parameter values and ranges based on literature review alone
due to the broad heterogeneity in these values resulting from
a lack of standardized acquisition and image processing
methods. Additionally, it should be noted that relaxometry
values are field strength and temperature dependent.

Biomarker strengths, weaknesses, and limitations:
Changes in Ty, T,, and T,* can be very sensitive to changes
in tissue composition, function, temperature, pH as well as
oxygenation but the lack of standardized quantitation limits
the utility of quantitative measurements. Relaxometry is gen-
erally time-consuming; hence clinically feasible techniques
will vary depending on time limitations or motion manage-
ment strategies. While these techniques can often be verified
or calibrated in a phantom, they can still present widely vary-
ing values in human and animal subjects. Additionally, differ-
ent techniques have varying sensitivities to other factors, such
as physical properties of the system and subject (e.g., By or
B, inhomogeneity), and tissue properties like temperature,
diffusion, perfusion, and magnetization transfer. Relaxation
values are also dependent on field strength in controlled labo-
ratory settings. While general relationships are known, there
has been little attempt to calibrate relaxation values for field
strength, even for otherwise identical imaging environments.
For in vivo imaging, the assumed monoexponential model of
relaxation is a simplification of the magnetization in each
voxel, since tissue will almost always contain mixed species,
either by partial volumes of adjacent tissues or by mixed
composition of chemical species within a voxel of similar tis-
sue and that relaxation, particularly T, is characterized as a
multiexponential rather than monoexponential decay over
time.?' Clinically, multiple biological processes can influence
relaxation values, confounding the utility of absolute values.
For example, since oxygenation can affect both T, and T,*,
patients under anesthesia breathing oxygen rich gases result
in skewed values. For these reasons, quantitative relaxometry
does not exhibit either the precision or accuracy to be consid-
ered as an oncologic QIB. However, it will continue to pro-
vide insight into both disease diagnosis and treatment
monitoring as a qualitative biomarker and most likely be used
in combination with other MR QIBs.

4.A.3. Spectroscopy

Magnetic resonance spectroscopy (MRS) describes the
method of obtaining an MR signal from the nucleus of an
atom which exhibits a net nuclear magnetic moment.”> Due
to its relative abundance within the human body, hydrogen
(IH) is the most common atomic species from which an MR
spectroscopic signal is obtained. Spectroscopic signals from
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other nuclei, such as 13 C, 19F, 23Na, and 31P, can also be
obtained®® but are less frequently used due to their decreased
natural abundance relative to hydrogen and resulting
decreased SNR. Unlike proton MRI, proton MRS relies on
the quantification of signals from hydrogen nuclei associated
with molecules other than water, the most common of which
include lactate, NAA, glutamine, glutamate, Cr, Cho and
ethanolamine metabolites, citrate, polyamines, myo- and
scyllo- inositol, carnosine, and lipids. Less frequently tar-
geted metabolites include glutathione, taurine, 2-
hydroxyglutarate  (2-HG), = gamma-aminobutyric  acid
(GABA), glycine, aspartate, taurine, succinate, tryptophan,
alanine, glucose, and mannitol in brain, prostate, muscle,
liver, and kidney.** Electron shielding unique to each mole-
cule induces an alteration of the Larmor frequency of a mole-
cule’s hydrogen nuclei and is quantified in terms of
frequency shift relative to tetramethylsilane. Typically mea-
sured in units of Hertz or parts per million (ppm), this shift is
also known as the chemical shift and allows for different
metabolites to be quantified in terms of the chemical shift of
the metabolite in question. Because in vivo tissue contains
many different chemical species, the signal obtained contains
signals from all of these individual metabolites is referred to
as a spectrum. As the MRS spectrum encodes signals from
hydrogen within metabolites as opposed to water, MRS is
generally considered to be a biomarker of metabolic or func-
tional activity.

Since the biochemical environment of tissue is dramati-
cally altered in malignancy,”>’ MRS, or clinically MRSI,
has the potential to be a sensitive biomarker of disease type,
stage, and aggressiveness> >’ and has been reported to pre-
dict the efficacy of therapies including chemotherapy” ">
and radiation.”>*' Challenges include the relatively low SNR
of the MRS signal due to the significantly decreased amount
of hydrogen in metabolites compared to water (~ 110 Molar
vs ~1-10 milliMolar) and the need for a highly uniform By
field. Historically, these differences have been overcome by
performing MRS within a relatively large single voxel in an
organ or tumor in which the B, field can be effectively
shimmed, such as the brain or prostate.>” Obtaining multiple
signal averages, typically resulting in relatively low spatial
resolution of the acquired spectrum and long acquisition
times, is helpful, as well. Spectra derived from a single voxel
is typically referred to a single voxel spectroscopy but can be
extended to include spectra from multiple voxels by effec-
tively performing phase encoding of an individual voxel, pro-
ducing a so-called MRSI.**

Biomarker quantification: The concentration of a given
metabolite (Cy;) within the voxel of tissue under interroga-
tion can be derived from the MRS spectrum according to
the relationship CM:% where Ay is integrated signal
amplitude or area under the curve of the metabolite M
peak, Kg a “global” constant of proportionality, and Vg the
volume of the voxel.>> While simplistic in its formulation,
absolute quantification of a given metabolite’s concentration
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is challenging due to the complex dependence of Kg on
many interrelated factors.”> As such, quantitative assess-
ment of in vivo MRS spectra typically involves the normal-
ization of spectral peaks by dividing the spectral profile
(signal intensity) by the peak value of a reference metabo-
lite such as NAA. Additional processing of spectral infor-
mation and curve fitting is routinely performed to improve
the fidelity of the spectra. While there are multiple
approaches to curve fitting spectra in both the time and fre-
quency domains,”* one of the most common is known as
the linear combination model (LCModel).22

Several methods exist for the quantitative analysis and
reporting of "H metabolites derived from in vivo MRS/MRSI
spectra. One such approach involves using the main peak area
ratio of Cho and NAA from three-dimensional (3D) MRSI
taken from glioma patients using normal brain voxels as inter-
nal controls for quantifying the probability of abnormality at
each voxel location ( i.e., a quantitative abnormality index).**
Another approach developed for "H MRSI of the prostate
involves calculation of the (Cho + polyamine + Cr)/citrate
ratio. Historically referred to as the (Cho + Cr)/citrate ratio or
CC/C ratio, it is based on the fact that in spectra taken from
regions of prostate cancer the citrate and polyamines are sig-
nificantly reduced or absent, while the total-Cho resonance is
elevated relative to spectra taken from surrounding healthy,
peripheral zone tissue.

MRS-derived absolute or relative metabolite concentration
can be considered a Type 1 biomarker given that MRS has
been shown to identify malignancies in a range of organs and
is predictive of therapeutic intervention.”>' Additionally,
MRS-derived concentrations can be considered ratio vari-
ables, since zero theoretically indicates the absence of a given
metabolite and a multiplicative increase or decrease in the
value indicates a proportional increase or decrease in the con-
centration of the metabolite in question. As ratio variables,
MRS-derived concentrations qualify as a QIB. In the absence
of an MRS or MRSI QIBA profile and associated claims,
generalized statements regarding reproducibility and quanti-
tative change in MRS/MRSI associated with disease extent
and /or therapeutic response cannot be made.

Spectroscopy QA/QC: To date, a uniform QA/QC pro-
gram including phantoms and standardized protocols for per-
forming MRS and MRSI does not exist, although several
authors and groups have attempted to address this deficiency.
For example, a report published by AAPM task group #9 pro-
vided recommendations for performing MRS in the brain,*
while Hunjan et al*® have provided both a phantom and anal-
ysis protocol for quality assurance in MRSI. Although MR
scanner manufacturers who offer MRS and MRSI capabilities
typically provide a metabolite phantom and testing protocol,
significant variability exists among vendors. Due to the
absence of a QIBA related QA program and industry
accepted phantoms and protocols, it is recommended that
individual facilities develop and implement their own QA
program. As a guide, the interested reader should refer to the
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recently published consensus statement on MRS in the brain
which includes general QC recommendations.”’

Spectroscopy as a biomarker in radiation oncology:
Given that MRS and MRSI provide a noninvasive method for
quantifying the metabolic state of tissue, and that cancer is
known to fundamentally alter tissue metabolic homeostasis,
both techniques have significant application in RO. In addi-
tion, it is generally appreciated that therapy-induced meta-
bolic changes in tumors precede anatomical changes. While
they can be applied to any tissue and organ, both approaches
are used most frequently in the prostate and brain.

Prostate: In the prostate the CC/C ratio is one of the most
widely used quantitative metabolic biomarkers for detecting
cancer and has been used in the majority of the current ~ 320
publications on prostate MRI/MRSI.*® In a single study it
was demonstrated that when the CC/C ratio is > 3 standard
deviations above the normal value, there is minimal overlap
between spectroscopic voxels from regions of cancer and
healthy peripheral zone tissues.* The magnitude of elevation
of the CC/C ratio has shown a correlation with cancer
grade.**** The addition of the CC/C ratio and T,-weighted
MRI to standard clinical nomograms improved the prediction
of indolent vs aggressive prostate cancer at the time of biopsy
diagnosis™ and radiation treatment planning.***°

Staging by MRI/'H MRSI at diagnosis has been found to
be of incremental prognostic significance in patients with
moderate and high-risk prostate tumors going on for radiation
therapy.*” McKenna et al noted that the finding of more than
5 mm of extracapsular extension prior to radiation seems to
be of particular negative prognostic significance, and the lat-
ter group may be candidates for more aggressive supplemen-
tal therapy.*® Several studies of prostate cancer patients have
directly integrated MRI/MRSI data into the radiation treat-
ment plan in order to optimize radiation dose selectively to
regions of prostate cancer using either intensity-modulated
radiotherapy (IMRT)**! or brachytherapy”*~°; however, this
is not being done in routine clinical practice.

Local recurrence of prostate cancer after RT is currently
dependent on histopathology obtained from transrectal ultra-
sound (TRUS) — guided prostate biopsies. However, 37% to
50% of cancers can be isoechoic or only slightly hypoechoic
on TRUS leading to false negative rates of up to 30%.°°
Combined MRI/MRSI allows for an assessment of the entire
prostate thereby overcoming the sampling errors of TRUS
guided biopsies. Imaging and PSA management after radia-
tion treatment requires a long time to determine response
with an expected PSA nadir at up to 24 months after comple-
tion of radiation.”’" Although conventional T,-weighted
MR imaging of the treated prostate is limited by the post-
treatment loss of zonal anatomy and diffuse low signal, stud-
ies have demonstrated the ability of "H MRSI to discriminate
residual or recurrent prostate cancer from residual benign tis-
sue and atrophic/necrotic tissue after RT.***°! These studies
have relied on elevated Cho to Cr ratio as an indicator of
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residual/recurrent prostate cancer since polyamines and
citrate disappear early after therapy in both residual healthy
and malignant tissues. Two published MRI/MRSI studies
demonstrated that three or more consecutive voxels having
Cho/Cr >1.5 resulted in the ability to predict the presence of
cancer after RT with an accuracy of ~80%.%*>° Moreover,
the addition of 'H MRSI to T,-weighted MR imaging (area
under the curve (AUC) = 0.79) was shown to significantly
improve the diagnostic accuracy of T,-weighted MR imaging
alone (AUC = 0.67) in the detection of locally recurrent
prostate cancer after definitive external beam RT.*° Incorpo-
ration of 'H MRSI to T, weighted (AUC = 0.84) and/or DWI
(AUC = 0.86) significantly improved the assessment of
patients with suspected recurrence after radiotherapy, and a
combined approach with all three modalities (AUC = 0.87)
may have the best diagnostic performance.®>

Brain: Quantitative analysis of metabolite concentrations
within the brain have identified a Cho-containing compound-
N-acetylaspartate index (CNI) threshold of 2.5 to distinguish
tumor from normal, edematous, gliotic, and necrotic brain
tissue with high sensitivity (90%) and specificity (86%).%
Additionally, this threshold has been used to improve surgi-
cal,®® radiation and combined radiation/ chemo/therapy/
antiangiogenic treatment planning.®>°

For radiation treatment planning and in monitoring treat-
ment response, multimodality studies that include 'H MRSI
to indicate metabolic activity from tCho levels and MRI mea-
sures of perfusion may help with the targeting of biopsies to
areas of maximum abnormality, thereby improving diagnosis
and subsequent RT and outcome assessment.”’ In particular,
data support their role in terms of both target delineation and
response assessment.

Target delineation: Glioblastomas often infiltrate beyond
the contrast enhancing region on MRI, and metabolic abnor-
malities have been shown to protrude beyond areas of lesion-
associated T, hyperintensity, resulting in metabolically active
disease detected on MRSI falling outside the high dose vol-
ume in a substantial proportion of patients.®’ In one study,
patients with tumor-like MRS outside the 50% dose contour
as determined using MRI had shorter time to treatment fail-
ure than those in whom the 50% dose contour included most
of the tumor.°® A prospective trial in patients with glioblas-
toma wherein MRSI was used to determine areas of high risk
to augment the guidance of additional stereotactic radio-
surgery found that patient survival was better than historical
controls with standard conformal radiotherapy.®” In addition
to assessing the metabolic characteristics of tumor, 3D MRSI
has also been used to assess tissue damage due to whole-
brain radiotherapy.”®

Response assessment: Metabolite changes observed in
response to radiotherapy include a reduced tCho and
increased lactate and/or lipid levels, consistent with a reduced
number of viable tumor cells and increased hypoxia and
necrosis. tCho/tCr and tCho/NAA have shown greater and
more rapid alterations with time than changes in volume by
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MRI, suggesting that MRS may be a more sensitive measure
to assess treatment response and prognosis.ﬂ A greater than
40% reduction in the tCho of a lesion within the first 4 weeks
of radiotherapy treatment has been associated with a 20-
month progression-free survival compared to 9 months for a
smaller tCho change.”” An increase in tumor lipids after
radiotherapy was predictive of an early treatment response
and a better outcome in the case of malignant gliomas.” In
another study, patients with higher lipid and lactate, or with
larger abnormal tissue volumes as determined by CNI, had a
worse outcome after treatment with chemo- and radiother-
apy.”® In pediatric supratentorial pilocytic astrocytomas,
decreased mlns, indicative of tumor progression, preceded
MRI changes.” Additionally, an increased tCho/NAA ratio
was associated with treatment failure in diffuse pontine
glioma, a pediatric tumor difficult to assess with conventional
MRL” At 15 T, an AUC of 0.926 was achieved using the
tCho/NAA ratio to detect recurrence of primary tumors
postradiation treatment.”® "H MRSI at 3 T appears to provide
greater sensitivity and has distinguished malignant glioma
recurrence from post-treatment effects with an AUC > 0.9
based on tCho/tCr and tCho/NAA ratios: dynamic suscepti-
bility contrast (DSC) MRI exhibited similar performance but
diffusion-weighted MRI (DWI) was inferior.”” tCho, lipid,
and lactate are clearly important radiation response MRS
markers, but the specific metabolite changes observed
depends on the combination of tumor type and treatment,
requiring that MRS biomarkers be developed and assessed
individually. Additionally, the mixed nature of tissue (i.e.,
normal brain, necrosis, and gliosis) postradiation treatment
makes accurate detection of recurrence a challenge; therefore,
a multimodal approach is best to use in clinical practice.”’

Biomarker strengths, weaknesses, and limitations: The
noninvasive and quantitative nature of MRS/MRSI makes it a
good endpoint for use in clinical trials of drugs or other clini-
cal interventions. In longitudinal studies, MRS/MRSI can be
performed repeatedly with no harmful consequence to the
patient or the clinical target, unlike invasive measures such as
biopsy. MRS data are sensitive to the effects of therapy that
can be readily compared and correlated with other clinical
measures.

Significant published patient data exists indicating that 'H
MRS/MRSI biomarkers could improve radiation treatment
planning and treatment response monitoring.*®*3%00-67-
69.72,76,78-84 Currently, although, '"H MRS/MRSI biomarkers
are not routinely used for RT treatment decisions, primarily
due to the inability to fully combine the MRS/MRSI data
acquired in published studies to validate them for clinical use.
Validation is hampered by the significant heterogeneity in
data collection, analysis and presentation between studies,
which is in part due to a lack of consensus concerning data
acquisition methods, processing protocols, output formats,
and established quality assurance programs. This therefore
identifies the need for improved standardization of method-
ologies and analysis such as those promulgated by QIBA. A
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study intended to demonstrate diagnostic accuracy of a novel
method such as MRS should follow the 25 criteria set out in
the Standards for Reporting of Diagnostic Accuracy
(STARD) initiative.® Historically, very few published clini-
cal MRS studies were designed to adhere to such criteria, or
even to be formal clinical trials. Furthermore, most were per-
formed at a single center on a small number of patients and
thereby lacked statistical power. When formal meta-analyses
of the clinical MRS/MRSI literature were performed,86 few
of the thousands of published papers qualified for analysis;
those that met the evidence-based medicine (EBM) criteria
had often been performed on small groups of patients or with
earlier generation instruments. Consequently, the apparent
poor performance of MRS on the meta-analysis resulted in
the denial of reimbursement for MRS within the United
States,® which highlights the importance of standardization
to demonstrate the clinical value of all imaging biomarkers.

4.A.4. Diffusion and diffusion tensor

MR imaging sequences can be sensitized to the motion of
water within tissue, providing insight into tissue microstruc-
ture in normal and disease states. In its simplest form, scalar
diffusion information can be encoded using DWI techniques
in which the overall diffusion of water within a voxel is
encoded. More complex acquisition schemes can also quan-
tify the diffusion tensor thereby providing vector information
and is commonly referred to as diffusion tensor imaging
(DTD)."”

Encoding of the diffusion of water molecules is achieved
by adding paired diffusion-encoding gradients to a conven-
tional MR image acquisition scheme, such as a spin echo-
echo planar imaging (SE-EPI) sequence. In SE-EPI
sequences, a diffusion-encoding gradient is added before and
after the 180 refocusing RF pulse in which the two diffusion-
encoding gradients have the same first gradient moment. For
bound water in which diffusion is highly restrictive (e.g.,
intracellular water), the nuclear spin of the hydrogen nuclei
will experience phase accumulations caused by the two
diffusion-encoding gradients that cancel and therefore will
not alter the acquired MR signal. In contrast, the nuclear
spins of hydrogen in unbound water that experience diffusion
will accumulate a net nonzero phase between the first and
second diffusion-encoding gradients. Since moving spins are
no longer in phase with static spins within a voxel, the MRI
signal drops because of complex addition. This difference
can be quantified by the equation S = Spe ""PCwhere S is
the signal acquired within a voxel in the presence of diffusion
gradient fields, Sy is the signal in their absence, b is the b-
value which is a function of the size, shape, and timing of the
diffusion gradient field wave forms, and ADC is the apparent
diffusion coefficient. Note that the ADC differs from the true
diffusion value, as it represents diffusion averaged over all
spatial directions. DTT is an extension of DWI in which speci-
fic diffusion directions are encoded independently, providing
specific values of the diffusion tensor and in doing so, pro-
vides directional (i.e., vector) information on diffusion. While
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DTI acquisitions are longer than DWI imaging, the diffusion
tensor can be used as input data into postprocessing applica-
tions to create tractography images. The DTI data can also be
used to generate spatial anisotropy parameters of diffusion
such as the relative and fractional anisotropy (FA), which are
not encoded using DWI techniques.*”®® FA is given by the

. _ [(A=MD)*+(22—MD)*(A3—MD)*
equation FA = \/ 202 ) where MD (mean

diffusion) is the trace of the tensor divided by 3 and A is the
diffusion eigenvalue along a given direction is the most com-
monly used measure of diffusion anisotropy due to the rela-
tive simplicity of calculation, the fact that it is rotationally
invariant and sensitive to a broad spectrum of pathologies.®
However, the scalar nature of this value means that it does
not describe the tensor shape or distribution of diffusion.®’

Diffusion quantification: A draft QIBA profile for DWI
has been generated which includes claims related to DWI
imaging in the brain, liver, and prostate. Specifically, that a
measured change in the ADC of 11%, 26%, and 47% or
larger in the brain, liver, and prostate, respectively, indicates
that a true change has occurred with 95% confidence
(http://qibawiki.rsna.org/images/7/7e/QIBADWIProfile_as_
of_2019-Feb-05.pdf). Given that zero diffusion is possible,
albeit improbable, DWI derived estimates of diffusion can be
considered as a ratio variable of Type 0. The biomarker
could also be considered as a Type 1 as diffusion is known
to be altered in both benign and malignant masses and is
used routinely to monitor response to therapy as described
below.
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Diffusion QA/QC: The QIBA DWI profile recommends
performing quality assurance procedures that are generally
accepted for routine clinical imaging of the MR scanner. In
addition, quality assurance of DWI derived ADC values can
be assessed using a QIBA DWI phantom® constructed in-
house using QIBA recommendations or purchased commer-
cially (High Precision Devices, Boulder, CO). The QIBA pro-
file allows quantification of the ADC of pure water at a
temperature of 0°C by assessment of ADC bias, error, and
short- and long-term repeatability. For both DTT and DT trac-
tography, a single standardized approach for QC and QA
such as a QIBA profile does not exist. However, several
QC/QA programs are currently available.”’ The need for a
single standardized approach is recognized.”!

Diffusion as a biomarker in radiation oncology: In many
respects the ADC is well suited as an oncologic biomarker
since it can identify and differentiate a variety tissues: benign
from malignant masses, areas of necrosis vs abscess, true vs
pseudo response/progression, and treatment response Vs
recurrence. Additionally, ADC does this in multiple sites,
including the brain, head and neck, thorax, pancreas, bowel,
genito-urinary, and musculoskeletal system.”” In malignancy,
increased cellularity and biological aggressiveness mean that
the ADC will be less than in normal tissue due to increased
tumor cell density.”*** In a recent recurrence pattern and sur-
vival outcome analysis study, Elson et al showed that for
patients with glioblastoma multiforme (GBM), recurrence
overlapped with preradiotherapy ADC hypointensity in 88%
of cases,” clearly demonstrating the potential of using ADC

Fic. 1. Tractogram images created from a single DTI data of a patient with an anaplastic oligoastrocytoma grade III in which the eight images are generated by
eight separate groups using three different algorithms. The tumor side and contralateral tracts are shown in yellow and orange, respectively. Tumor is shown in
light yellow, necrosis in pink, and edema in bright blue. The ventricles are depicted in dark blue. The 3D data are superimposed onto a T,-weighted anatomic
image. Reproduced from” with permission. [Color figure can be viewed at wileyonlinelibrary.com]
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to identify high-risk regions of the tumor for dose escalation.
It also has the potential to differentiate cytotoxic from vaso-
genic edema in diffuse axonal injury.”®*’

Biomarker strengths, weaknesses, and limitations: While
the ADC and diffusion tensor related quantitative parameters,
such as fractional anisotropy, are clearly promising oncologic
biomarkers, they should not be used independently for mak-
ing treatment planning decisions, such as determining overall
tumor volume or therapeutic response, or differentiating
necrosis from active disease within a lesion, etc. This is
reflected in the QIBA profile that reports on percent change
of the ADC indicating a 95% probability of a real difference
in only three organs. Care should also be exhibited when
comparing ADC values obtained using different pulse
sequences and approaches, as the absolute ADC is dependent
upon the b-values used.”® In addition, much caution must be
exhibited when using information derived from DTI data like
tractograms. To illustrate this Figure 1 has been reproduced
from the work of Pujol et al,”” who enlisted eight interna-
tional teams from leading academic centers to process brain
tractogram data from four patient data sets using multiple
processing algorithms. The figure demonstrates that, even
with the same input data, there is significant variability
between algorithms and operators, indicating as the authors
noted that “DTI tractography suffers from a lack of standard-
ization and the validity of tractography findings for neurosur-
gical decision making needs to be fully established.””” Such
cautionary advice can be applied equally to the use of these
data in RT.

4.A.5. Perfusion

The delivery of metabolic substrates to and the removal of
waste products from tissue are achieved by their perfusion
into and out of the circulatory and lymphatic systems. In can-
cer, perfusion is altered across a range of malignant pro-
cesses'” and is therefore a powerful biomarker of disease
stage, type, and therapeutic response.

MR imaging of tissue perfusion is achieved by the rapid
imaging of either an endogenous or exogenous contrast agent
into and out of a volume of tissue. Endogenous approaches
involve the modification (i.e., preparation) of the magnetiza-
tion of arterial blood flowing into the volume and comparing
signal intensity changes without the magnetization prepara-
tion. Exogenous approaches involve the administration of a
paramagnetic  contrast (see  Supplemental = Material
Appendix Al for a full description of contrast agents) agent
followed by visualization of the signal increase or decrease
resulting from the perfusion of the agent in combination with
the acquisition technique into and out of the imaging volume.
Exogenous approaches fall into two main categories based on
their acquisition schemes: Dynamic susceptibility contrast
(DSC) and dynamic contrast-enhanced (DCE) imaging.
Endogenous approaches are described by the method known
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as arterial spin labeling (ASL). The major acquisition
schemes for both endogenous and exogenous approaches are
as follows.

DSC Perfusion: DSC relies on the rapid imaging of
susceptibility-induced signal loss resulting from the influx of
a paramagnetic contrast agent through the microvascula-
ture.'9+102 1 regions of intact blood-tissue barrier, the con-
trast agent remains compartmentalized to the vasculature,
where it creates a susceptibility difference between intravas-
cular and extravascular spaces. The susceptibility differences
result in microscopic field gradients that extend radially from
the vessel, with the magnitude of the gradients dependent on
the size of the vessel. In regions of larger vessels, local field
inhomogeneities produced by the microscopic gradients
result in phase accumulation of magnetized tissue. Both gra-
dient and spin echo imaging approaches are used and provide
contrasts that emphasize different populations of vessels.
Gradient echo sequences are sensitive to all vessel diameters;
spin echo sequences are sensitive to small vessel diameters
(.e., microvessels).103

DCE Perfusion: In DCE MRI, imaging of a paramagnetic
contrast agent using an ultrafast gradient echo imaging
sequence is performed. The inherent T1-weighted nature of
the gradient echo sequence, in combination with the param-
agnetic exogenous contrast agent, results in signal enhance-
ment proportional to the concentration of the agent within the
tissue. Unlike DSC, which relies upon an intact microvascu-
lature, DCE relies upon the extravasation of paramagnetic
contrast agent from the intravascular space to the extravascu-
lar, extracellular space (EES), occurring in regions of blood-
tissue barrier disruption. Through dipolar interactions, the
extravasated contrast agent results, predominately, in signal
enhancement through T, shortening of tissue within the EES.

ASL Perfusion: ASL is a noninvasive method character-
ized by the use of magnetically labeled arterial blood water as
an endogenous tracer.'”*'"” The fundamental operation of
most existing ASL methods is to produce two sets of images:
a flow-sensitive “tag” image and a “control” image. Ideally,
these images would differ only by the signal from inflowing
blood, and their static tissue signals would be identical. The
ASL signal — determined by the difference of the control
and tag images — provides a qualitative estimate of perfu-
sion. However, the ASL signal, which is derived from the dif-
ference between the tag and control images is only about 1%
of either the tag or control image signal. Therefore, a time
series of interleaved tag and control images is acquired to
increase the ASL SNR. In addition, static tissue signal is
often nulled with background suppression pulses. Although a
multitude of labeling strategies exists, velocity-driven adia-
batic fast passage using a train of low flip angle pulses in
combination with a gradient along the flow direction (i.e.,
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TaBLE IV. Brain perfusion MRI biomarkers

and commonly used acquisition strategies. Associated

C’RASE = Cj;radient And Spin Echo. *Addi' Inherent Unit of Biomarker Biological Common Acquisition

tional perfusion parameters can be obtained  NRT Technique Biomarker* Measurement Type Process Strategies

with each perfusion MRI method.
Dynamic rCBV none Ratio Angiogenesis 2D single-shot gradient
Susceptibility variable recalled or spin-echo
Contrast (DSC) EPI
Dynamic Contrast K™ mL/g/min Interval Vascular 3D spoiled gradient
Enhanced (DCE) variable permeability recalled echo
Arterial Spin CBF ml/100g/min  Ratio Hypo- 3D GRASE or Stack of
Labeling (ASL) variable perfusion Spirals

pseudo-continuous ASL) is the most widely accepted
approach.

Perfusion quantification: A variety of perfusion related
biomarkers that are either absolute or relative can be obtained
depending upon the imaging method used. In DSC, indicator
dilution analysis of the contrast wash-in wash-out (i.e.,
kinetic curves) can be used to estimate the ratio variable cere-
bral blood volume on a voxel-by-voxel basis. Since estimates
of local hematocrit and determination of local arterial input
functions are difficult to measure in vivo, although, relative
cerebral blood volume (rCBV) is reported in most cases and
has been shown to be a marker of angiogenesis and glioma
grade.'” """ In DCE, pharmacokinetic analysis of contrast-
induced signal enhancement vs time, along with a baseline
T; map of the tissue under interrogation, can be used to esti-
mate the interval variable known as the vasculature-
extravascular extracellular space transfer constant (K"™")
which is the rate at which contrast agent extravagates from
the intravascular space to EES, on a voxel-by-voxel basis.
Finally, the ASL signal, along with an estimate of the equilib-
rium magnetization within a voxel and an estimate of the T,
of blood, can be used to estimate the ratio variable, cerebral
blood flow (CBF) on a voxel-by-voxel basis. Biomarkers of

perfusion are most commonly used in the brain. Table IV
provides a summary of the common brain perfusion MRI
techniques, along with their corresponding biomarkers, bio-
logical processes, and common acquisition strategies. As
with QIB, perfusion derived parameters can be considered
ratio variables of Type 1. For additional information on tech-
niques, modeling and quantification of perfusion biomarkers,
the interested reader is referred to the review article by Jahng
etal'?

At the time of writing, QIBA has established a biomarker
committee focused on perfusion, diffusion, and flow MRI
(PDF-MRI) and has published a preliminary profile for DCE
MRI. The profile includes a single claim pertaining to K"*"*
and the blood-normalized area-under-the-gadolinium-
concentration curve (IAUGCgy). The claim states that both
K™ and IAUGCgy can be measured from DCE-MRI data
obtained at 1.5 T using low-molecular-weight extracellular
gadolinium-based contrast agents with a 20% within-subject
coefficient of variation for solid tumors at least 2 cm in diam-
eter.

Perfusion QA/QC: To assist in quantitative QA, the QIBA
DCE-MRI technical committee designed a phantom based on
the ADNI Magphan phantom (The Phantom Lab, Greenwich,

TaBLE V. General and radiotherapy specific QA considerations for MR perfusion techniques beyond the QIBA DCE-MRI protocol.

Perfusion
Technique General Considerations Radiotherapy Considerations
DSC @ Prevent signal saturation of contrast bolus ® Minimize spatial distortion arising from EPI-based acquisition schemes
® Ensure adequate temporal resolution for assess- ® Minimize susceptibility induced distortions
ment of arterial input function @ Ensure 3D gradient distortion corrections applied to DSC kinetic time ser-
@ Compact injection of bolus (~ 3cc/sec) ies or resulting parameter maps
DCE @ Prevent signal saturation and adequate sampling of @ Minimize chemical shift and susceptibility induced distortions
arterial input function @ Ensure 3D gradient distortion corrections applied to DSC kinetic time ser-
@ Assess temporal stability of acquisition scheme ies or resulting parameter maps
@ Assess linearity of contrast agent versus concentra-
tion
ASL ® Minimize T,* effects @ Increase acquisition times to compensate for loss in SNR due to imaging in

® Appropriate tagging plane selection to ensure tag-
ging of arterial blood only

radiation therapy treatment position
@ Ensure 3D gradient distortion corrections applied to CBF parametric maps
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NY), in which quantitative T, estimates can be derived and
compared to their known values.'"* Due to the narrow scope
of the QIBA profile, there are several unmet QA needs, both
in general terms, as well as related to the use of perfusion
information in RT applications. Additional general and radio-
therapy specific quality assurance considerations for DSC,
DCE, and ASL are listed in Table V. It is also important to
note that DCE is prone to specific artifacts and limitations
related to a variety of factors including technique, postpro-
cessing, and B, and RF field homogeneity considerations.

Perfusion as a biomarker in radiation oncology: Perfu-
sion biomarkers can reveal insight into the state of tumor
hypoxia and are therefore important parameters for radiother-
apy.'" Radiation therapy typically results in endothelial cell
damage and small-vessel injury, decreasing capillary perfu-
sion and tissue microvascular density. Perfusion biomarkers
can be used for target delineation, assessment of treatment
response, evaluation of normal tissue injury, and differentia-
tion of true disease progression vs pseudo-progression. Of
the perfusion MRI techniques previously discussed, DCE-
MRI has been used most extensively, followed by DSC-MRI,
and then ASL-MRIL.

Since malignant masses exhibit characteristics that can
result in an increase (via neovascularity or angiogenesis''”)
or decrease (via necrosis and hypoxia) in perfusion, quantifi-
cation of this parameter can potentially serve as a powerful
diagnostic and therapeutic oncologic biomarker. An
increased perfusion rate as quantified by K"™" with respect
to the background tissue is associated with a more aggressive
tumor. Prostate cancer is illustrative of this effect in which an
increase in K"™"® has been observed in high grade compared
to lower grade tumors and is presumed to be due to vascular
hyper-permeability and consistent with increased expression
of Vegf.""® This parameter has a sensitivity and specificity
comparable to PET/CT"” and localizes cancer better than T,-
weighted MR imaging alone.''®'"

Biomarker strengths, weaknesses, and limitations: The
use of an EPI sequence can result in local (e.g., proximal to
resection cavities, surgical clips, staples, etc), as well as glo-
bal (stretching along phase encode direction) geometric dis-
tortions. Geometric distortion of DCE-MRI derived
parameter maps (K", etc) not only complicates tumor
delineation, but also the coregistration of these maps to the
anatomical image data used for treatment planning. In addi-
tion, susceptibility-induced signal dropout can result around
resection cavities, which may limit the utility of DSC parame-
ter estimates for radiotherapy. Although DSC-MRI is a robust
technique, signal dropout near resection cavities limits its
utility for delineation in the CNS.

Tumor perfusion related quantitative parameters are some
of the most studied oncologic MR biomarkers, but multiple
challenges remain, although, before they can be used in RO
without the need for other markers. These include the lack of
standardization regarding image acquisition, contrast agent
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administration, image processing, parameter quantification
methods, and statistical analysis, resulting in significant vari-
ability in perfusion-derived parameters, such as within-
subject variations of K" and the plasma space fractional
volume as high as 59% and 0.82, respectively."”” A major
source of this variation is related to estimation of modeling
parameters and the analysis model used.'*' Additional varia-
tion is also introduced as a result of errors in estimating the
arterial/venous input function and the use of population-
based estimates of the time delay between plasma and tissue
contrast agent concentration change.'*> T,* induced signal
decay'? is also subject to individual variations as well as dif-
ferences between animal and human models.'** In terms of
modeling, sources of variability include omission of incom-
plete water exchange between the vascular and extravascular
compartments,112 inaccuracies in estimation of the plasma
transit time,''” and low temporal resolution of sampled
points.'* Standardization of acquisition, phantoms, analysis,
and modeling will be necessary to minimize the aforemen-
tioned variability in diffusion-derived biomarkers. In addition
to the QIBA perfusion profile under development at the time
of writing, other standardization efforts include four work-
groups established by the NIH Quantitative Imaging Network
(https://imaging.cancer.gov/programs_resources/specialized_
initiatives/qin/about/default.htm) focusing on phantom stud-
ies and QA, longitudinal studies, and database development
and sharing. There is also the ACRIN standard DCE-MRI
protocols and concepts reviewed by the Cancer Imaging Pro-
gram, National Cancer Institute Steering Committee. Finally,
integration of perfusion-derived biomarkers into the RO treat-
ment planning process, such as the delineation of tumor tar-
get or use in graded dose planning, will require accurate
knowledge of the threshold biomarker values to distinguish
tumor and normal tissue, as well as quantification of the cor-
relation of biomarker values and tumor aggressiveness, which
will require pathophysiological validation. Since pathophysi-
ological sample is difficult to obtain, few research studies
have been performed in this arena.'”®

4.A.6. Blood oxygen-level dependent (BOLD)
imaging

BOLD imaging relies on susceptibility-induced MR signal
differences between oxy- and deoxyhemoglobin arising from
neuronal activation within the brain.'*”'?® This is a well-
documented treatment-oriented model'**"*” based on the the-
ory that metabolic activity from task-related brain activation
(active state) results in coupled vascular activity. The vascular
response following neuronal activation brings in oxygenated
blood, thereby lowering the concentration of deoxygenated
blood in the activated area. Since deoxygenated blood is para-
magnetic while oxygenated blood is diamagnetic, the influx
of oxygenated blood results in an increase in the MR signal
when imaged with T,>*-weighted MRI. The signal increase is
slight and field strength dependent, which is on the order of
1%-3% at 1.5 T and 3%—-5% at 3 T, due to higher SNR and
more pronounced T,* effects. In order to extract these small
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Fic. 2. BOLD activation in the right hemisphere from left hand activity. [Color figure can be viewed at wileyonlinelibrary.com]

changes during activation, comparisons are made with the
resting state. Comparisons can take the form of simple sub-
traction, more powerful statistical methods, correlative com-
parisons, and generalized linear models."®' Essentially, the
active state is compared to the resting state; these are both
repeated as needed during the course of the subject scan in
order to build the signal to noise and time course needed to
resolve the BOLD response to the activity. Note that this
response is MRI signal change and is a relative measure,
albeit repeatable across tasks and subjects.

The primary application of BOLD imaging is in the identi-
fication of eloquent areas critical to normal everyday activi-
ties, for example Wernicke’s and Broca’s areas for speech and
the primary motor cortex for movement, and their relation-
ship to areas of pathology, such as a benign or malignant
masses. BOLD imaging is also known as functional MRI
(fMRI). The terms are often used interchangeably as they
both explicitly use magnetic resonance to detect functional
activity; however, it is probably more appropriate to say that
BOLD is the physiological mechanism by which brain func-
tional activity is determined due to vascular coupling,
whereas fMRI is the larger experiment by which various acti-
vation areas are targeted by providing a synchronous para-
digm, typically an activity performed by the subject in the
MRI

Figure 2 shows a typical activation map obtained follow-
ing an fMRI exam. Activation information, in this example
resulting from left hand activity, was generated by first fitting
the patient with an MRI-compatible visual and audio system
that presented a synchronized stimulus or paradigm, such as
a flashing checkerboard image during the activation cycle,
followed by a black screen during the rest cycle. During both
cycles, T,*-weighted images were acquired and analyzed by
various methods to extract the small signal change in
increased activation areas. These areas can be adjusted for
presentation (p, T, or Z statistic), colorized if desired, and
superimposed on high resolution structural data sets (3D T;)
for treatment planning purposes. Much of the work in fMRI
involves designing various paradigms, ranging from simple
motor tasks, such as alternate clenching and relaxing of the
hand, to more complex memory tasks, such as cuing the
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subject to recall picture of faces previously seen. Verbal and
language paradigms help determine the topological complex-
ity of speech and hearing/language processing.

Over the past two decades, resting state (functional) MRI
(rsMRID)"? has emerged as a task-free technique that uses
advanced correlative processing to recognize coincident vas-
cular responses in the resting brain. These correlations are
also known as patterns of brain perfusion since the BOLD
technique is underlying all the MRI signal intensity changes.
These studies can be performed longitudinally for a given
patient, or more likely, using a group analysis to determine
the standard by which individuals can be compared (healthy
group vs diseased individual).

fMRI(BOLD) quantification: Currently, a QIBA profile
for fMRI has been written and is publicly available as an ini-
tial draft (http://qibawiki.rsna.org/images/b/b8/QIBA_fMRI_
Profile_1_PC-revl.pdf). The QIBA profile specifically and
initially establishes fMRI as a biomarker when measuring the
strength of the brain BOLD response from task-prescribed
subject hand movements only. Additionally, the primary bio-
marker is the weighted center of mass (WCMA) of brain
BOLD activation determined from the location of the BOLD
foci, subject to standardized thresholding. The various QIBA
assumptions must be understood and detailed activities incor-
porated to assure repeatability. With establishment of the bio-
marker, the following claim results: if the spatial location of
the hand movement BOLD response can be established using
a measured wCMA on a single focus, then the 95% CI for the
location of the true wCMA is within 5 mm in any direction.
In other words, within 5 mm from an initial measured cen-
ter of mass (“blob” location) lie 95% of all probable activa-
tion center of mass(es). If implemented correctly, this Claim
is repeatable in the same subject at different time points.

JMRI QA/QC: The QIBA fMRI profile does not describe
a specific phantom for QA purposes. Instead, it recommends
using commercially available head phantoms provided by
either the MR scanner vendor or third party vendors. These
phantoms are recommended for assessment of a range of
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factors that can impact the quality of generated fMRI data
including EPI ghosting in BOLD scans, interference from
other equipment, gradient spiking, image distortion, overall
scanner performance, fMRI stimulus delivery system and
response device, fMRI SNR, and temporal SNR. To date a
single, standard QA process for fMRI is yet to be established
due in part to unresolved issues affecting precision and repro-
ducibility of the fMRI data such as accurate detection of acti-
vation edges, identifying what constitutes optimal activation
thresholding, the precise assessment of neurovascular uncou-
pling, defining acceptable limits of head motion and identify-
ing those QC parameters that reflect BOLD activation. As a
result, several approaches to fMRI QA protocols have been
reported.'**'** Although variability exists among these pro-
tocols, they do share commonalities including periodic SNR
and TSNR measurements to test scanner signal and image
quality, as well as operational tests of the fMRI-specific
equipment (i.e., response devices, projector, goggles, audio,
etc.) prior to placing the patient in the scanner.'*>'?°

JMRI as a biomarker in radiation oncology: As a QIB
due to the relative signal response of BOLD imaging, fMRI-
derived activation areas, as shown in Fig. 2, can be consid-
ered as interval variables and qualify as biomarkers of Type
0, for example demonstrating longitudinal tumor infiltration
into normally functional active areas. Additionally, functional
activation areas could conceivably be used to help with treat-
ment planning, in conjunction with tumor targeting, with a
desired BOLD response as an endpoint (Type 2). This would
help avoid therapy-induced damage to the normal BOLD
activation regions, assuming activation is to be preserved.

Outside of the brain and as a result of the sensitivity to
blood oxygen content, BOLD imaging has been investigated
as a biomarker of hypoxia.'*” Given that oxygen is a known
radiosensitizer, knowledge of tumor hypoxia and its spatial
distribution has the potential to be a biomarker of tumor
radioresistance. In this context, BOLD imaging has been
combined with tissue oxygen level dependent (TOLD) imag-
ing which relies upon T, signal changes as opposed to
BOLD-induced T,*to provide complimentary information of
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tumor hypoxia. While these two potential biomarkers are
promising, it is important to note that they are in the early,
preclinical stages of research and development.'*®

Biomarker strengths, weaknesses, and limitations: The
local BOLD response demonstrates the potential to be a ver-
satile biomarker as discussed above. As a biomarker of Type
0, the fMRI BOLD response departs from the classic defini-
tion of a QIB in the sense that the marker is not a representa-
tion of the natural history of a disease process. Rather, the
BOLD response, as conditioned by the QIBA profile, repre-
sents the healthy function of the brain, specific to the desired
stimulus, specifically to the motor cortex (hand). Thus, a
healthy BOLD area may be distorted or displaced from nor-
mal by an adjacent disease process (tumor). Thus, activation
areas from different activation sites (right vs left hand activa-
tion) are commonly compared when trying to therapeutically
eliminate diseased tissue and safeguard functionally normal
tissue.*” Additionally, a given regional brain area, for exam-
ple the motor cortex, can have significant signal differences
when compared between individuals due to task compliance,
native vascular organization, and analysis threshold settings.
In this sense, unless a specific and repeatable set of steps is
implemented, the size and color of the fMRI “blobs” super-
imposed on grayscale anatomy can vary significantly across
subjects.

Currently, the BOLD response biomarker is limited to the
motor cortex (hand) only. While there are hundreds of other
brain sensory and processing areas which can be elucidated
functionally via the BOLD technique, they remain to be cata-
loged as biomarkers in a QIBA-like fashion. Outside of the
brain, there are limited applications of BOLD biomarkers.
This, in addition to the narrow scope of the QIBA profile that
includes only the wCMA of the activation area due to subject
hand movements, means that extreme caution must be exhib-
ited when using fMRI data in either surgical or radiation ther-
apy treatment planning. These data should not be used as the
only information to either identify irradiation volume or adja-
cent areas of risk, but should be used as an adjunct to estab-
lished methods of target delineation.

Temperature Biomarker Tissue type Absolute (A) or Relative
Probe technique dependence type Sensitivity dependent (R)
Diffusion T 0 2%/ °C Yes R
Proton density T 0 —0.3% / °C between 37°C — Yes R

80°C

T, relaxation T 0 ~1% 1 °C Yes R
T, relaxation T 0 Yes R
Magnetization transfer - 0 Yes R
PRF imaging T 0,1 —0.009 - —0.01 ppm/°C Yes R
PRF spectroscopy T 0 No A
Exogenous contrast - 0 Yes A Supplementary Material
agents
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4.B. Emergent
4.B.1. MR thermometry

Several MR tissue parameters exhibit temperature depen-
dence that can be quantified and used as a biomarker of
thermal-induced tissue (i.e., thermal therapy) damage. These
temperature sensitive parameters include proton resonant fre-
quency (PRF), diffusion, T, and T, relaxation times, magne-
tization transfer, proton density, and temperature sensitive
contrast agents."**'*! Table VI summarizes these biomarkers,
including their temperature and tissue type dependence, sen-
sitivity, type, and whether they quantify absolute or relative
change in temperature.

Biomarker quantification: As described in Table 6, the
majority of temperature biomarkers are relative, denoting a
change in temperature, as opposed to absolute temperature.
For these biomarkers temperature differences are quantified
by application of imaging techniques that provide an MR sig-
nal proportional to the biomarker of interest. Temperature-
induced signal differences are then calculated to provide an
estimate of this temperature change. For example, in PRF
mapping, temperature changes are quantified by the equa-
tion AT = % where ¢(T) and ¢(T) are the phase sig-
nals at a given voxel from a gradient echo MR image
obtained at the temperature of interest and a reference (base-
line) temperature.I40 The parameters y, o, By, and TE are
gyromagnetic ratio, the PRF change coefficient, the static
field strength and the echo time, respectively. In contrast,
PRF spectroscopy and exogenous contrast agents provide
absolute measures of temperature by comparing the fre-
quency shift of water as a function of temperature, compared
to a metabolite such as N-acetyl-aspartate or lipids that does
not exhibit a temperature dependence.'*’

As QIBs, with the exception of PRF imaging, each bio-
marker listed in Table VI should be considered as a pre-
biomarker of Type 0; PRF imaging could be considered as a
biomarker of Type 1 since it is used extensively in thermal
therapies, such as hyperthermia, and various ablative thera-
pies like RF, microwave, cryogenic, and ultrasound ablation.
Although a theoretical absolute zero temperature exists, these
biomarkers are considered interval variables because the dif-
ference in temperature values is used for biomarker quantifi-
cation. A QIBA protocol does not exist; therefore, no claims
exist regarding quantifiable change in temperature known to
be true within a given CIL.

While PRF-based temperature measurements are most
commonly used in MR-guided ablation systems, these mea-
surements can be influenced by tissue type, susceptibility
effects, electrical conductivity, motion, and magnetic field
drift. Except for adipose and bony tissue, the PRF method is
tissue independent. Additionally, while the magnetic suscep-
tibility has a temperature dependence, the effect it has is
small in aqueous tissues like muscle, making PRF methods
robust in most clinical applications. Another potential draw-
back to PRF methods stems from temperature-induced
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changes in electrical conductivity, which may induce a phase
shift, further confounding the temperature changes. Neverthe-
less, this effect may be of importance only when heating lar-
ger volumes, as with hyperthermia. Applications in
hyperthermia may make use of mitigating methods to correct
for these effects. Since PRF-based measurements rely on
voxel wise changes in phase, they may suffer from motion-
induced temperature artifacts. Finally, the PRF method is sen-
sitive to the temporal stability of the magnetic flux of the
magnet, which is known to drift over time; this is important
to note, since many ablative treatments utilizing PRF last
longer than 30 min.

Thermometry QA/QC: Currently, no formal QA proce-
dures exist for MR-derived estimates of absolute or relative
change in temperature. Gorny et al'** reported on acceptable
testing procedures for MR-guided focused ultrasound therapy
systems that include the use of PRF-derived temperature esti-
mates to characterize the performance of the ultrasound sys-
tem, but they did not provide specific recommendations of
assessment of accuracy of temperature measurements. The
AAPM Task Group 241 on MR-guided ultrasound is
expected to formally publish recommendations on intrinsic
system characteristics, quantitative metrics, and quality assur-
ance measures.'** Until formal QA procedures are published,
individual sites using MR thermometry techniques are
encouraged to establish their own protocols.

MR thermometry in radiation therapy: To date, the appli-
cation of MR thermometry in RO is limited. Currently, MR
thermometry for hyperthermia (i.e., increasing tissue temper-
atures ranging from 40°C to 42°C for 30-60 min) is a grow-
ing area of clinical research in oncology due to its role in
radiosensitization and chemosensitization.'** With the devel-
opment and clinical translation of MR linear accelerators
(i.e., MR-linacs), it is foreseeable that a future application of
temperature mapping will be developed but will require the
establishment of appropriate QA protocols and related assess-
ment of accuracy and precision of these measurements.

MR thermometry derived temperature’s primary role as a
biomarker is to quantify and monitor thermal injury. Tissue
ablation using heat is measured in terms of the thermal dose,
t4; where t43 = tfo'"alR“ e dr, R is the number of minutes
needed to compensate for 1°C temperature change above or
below 43°C, and T(t) is the temperature at time t which is
equal to the time required to produce the resultant effect at a
temperature of 43°C."** Ultrasound induced tissue ablation is
considered to have occurred in both normal (i.e., normal tis-
sue toxicity) and disease (ablation) when t43 is equal to
240 min.'"

Biomarker strengths, weaknesses, and limitations: MR
thermometry methods have been implemented in a number of
in vivo applications, providing information about the
response to thermal tissue ablation in real time. Temperature



e716 McGee et al.: MR biomarkers

measurements during motion or in the presence of adipose or
fatty tissue remain challenges for this technology. Absolute
temperature measurements, especially with excellent spatial
and temporal resolution, are challenges, as well. Nevertheless
MR thermometry using the PRF method seems to be the most
sensitive and widely used method for monitoring thermal
therapies. The usefulness of any method, although, varies
dependent on tissue type, application, anatomy targeted, and
magnetic field strength, making comparisons between meth-
ods quite challenging.

4.B.2. Chemical exchange saturation transfer
(CEST)

CEST generates a contrast in MR images based on chemi-
cal exchange of free water protons and protons of solute
molecules. From the many exogenous and endogenous mole-
cules introduced as CEST contrast agents, CEST contrast
mediated by Amide Proton exchange in tumors such as glio-
mas may have direct application for diagnosis and in response
assessment. Amide Proton Transfer weighted imaging
(APTw) is a contrast free CEST imaging technique utilizing
endogenous cellular proteins to produce an MR signal that
directly correlates with cellular proliferation.'¢'4%

CEST imaging involves the application of a frequency
selective saturating RF pulse to label amide groups in pro-
teins/peptides. Due to chemical shifts, the resonant frequency
of the labeled protons will be different from bulk water (i.e.,
they are off-resonance). The peptide signal amplifies by
100-1000 times through the process of chemical exchange
with water, governed by the chemical exchange rate constant
(k) while the bulk water signal decreases. The magnitude of
the subsequent reduction of bulk water signal consequently
depends on the dynamics of chemical exchange, as well as
the ratio of exchangeable solute protons to bulk water pro-
tons. The rate constant of chemical exchange itself is
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influenced by the pH value and the temperature within the
exchange environment. If the latter two parameters can be
assumed to be distributed homogeneously in tissue, the
CEST effect can be a surrogate marker for the concentration
of a certain species of solute molecule in the tissue.

In order for a solute molecule to be considered suitable as
an endogenous CEST agent, it must carry labile protons that
exchange with bulk water at exchange rates that fulfil the con-
dition k < Aw, where Aw is the resonance offset of the solute
protons to the water protons measured in s~'. The most com-
mon method for acquisition of a CEST data set is to acquire
multiple image data sets with presaturation at different offset
frequencies (Ss,) around the water resonance, and one refer-
ence data set without saturation (Sy) or with saturation at a
very large offset frequency.'*® The normalized signal as a
function of the presaturation offset (z-spectrum) can then be
used to determine and quantify CEST effects, which are
asymmetric with respect to the water resonance (i.e., a CEST
effect appears either up- or down-field from water and can
hence be extracted from the z-spectrum via analysis of its
asymmetry with respect to the water resonance). The measure
of a CEST effect obtained through such an asymmetry analy-
sis is regularly referred to as MTR,gy,, which is always
expressed as the relative change in bulk water signal. Never-
theless, in vivo z-spectra are inherently asymmetric because
of conventional magnetization transfer (MT) effects. Addi-
tionally, CEST effects are masked by concomitant direct
water saturation as a result of the bandwidth of the saturation
pulses.

Figure 3 illustrates the use of anatomic and CEST imaging
in a patient diagnosed with a glioma tumor. Image compar-
ison demonstrates that ATPw provides additional details of
the metabolically active tumor core and region of tumor inva-
sion not revealed by anatomic imaging alone. CEST imaging
may therefore uncover areas for targeting, such as dose paint-
ing, as well as identifying areas of treatment failure.

FiG. 3. Anatomic and CEST image data patient with a glioma acquired at a field strength of 3T. (a) T,-weighted image (TE/TR/fa/Scan duration = 117 ms/
4000 ms/90°/1 min:28 s, voxel dimension = 0.6 mm X 0.6 mm X 5 mm). (b) T;-weighted FLAIR (TE/TR/fa/Scan duration = 316 ms/480 ms/907/5 min:4l s,
voxel dimension = 1.1 mm X 1.I mm X 1.2 mm). (c) CEST APTw image (TE/TR/fa/Scan duration = 8 min:18 /5928 ms/907/3 min:45 s, voxel dimension =
1.78 mm x 1.8 mm X 6 mm). Anatomic data (a-b) show an iso- to hyperintense mass lesion in the frontoparietal region. The APTw weighted image (c) indicates
a metabolically heterogeneous tumor with an active core and pretumoral spread along the anterior lateral rim of the mass. TE = echo time, TR = repetition time,
fa = flip angle, FLAIR = fluid-attenuated inversion recovery. Data courtesy of Krankenhaus der Barmherzigen Briider (Trier, Germany) and Philips Healthcare

(Best, Netherlands). [Color figure can be viewed at wileyonlinelibrary.com]
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CEST/APTw quantification: CEST imaging provides spa-
tial information on the relative distribution of specific
metabolites relative to water.'*® As such, CEST images are
typically presented as percentage maps. A quantitative bio-
marker, CEST information can be considered as an interval
variable in which the differences between percentage metabo-
lite concentrations within an image provide information on
disease stage and extent. As a QIB, CEST values can be con-
sidered as a Type O biomarker in which the values derived
from these images are considered interval variables due to the
relative nature of their values.

CEST/APTw QA/QC: CEST imaging and APTw are
emerging techniques. QIBA does not describe a specific
phantom or protocol for QA purposes. Nevertheless, QA
phantoms and methods will be needed as endogenous and
exogenous molecules become available for CEST imaging.

CEST/APTw in radiation oncology: CEST imaging has
the potential to be a valuable biomarker in RT for diagnosis
by identification of specific metabolites within a tumor, and
for measurement of therapeutic response; however, current
literature is relatively sparse to establish the sensitivity and
specificity of these data. Ongoing research and clinical evalu-
ation demonstrating a high clinical level of evidence are
therefore needed to fully characterize this biomarker.

Biomarker strengths, weaknesses, and limitations: CEST
imaging has been employed in a number of clinical imaging
research centers worldwide, producing semiquantitative
results. While endogenous biomolecules with amide have been
detected and are promising for solid tumor assessment, the
level of clinical evidence and degree of technical efficacy
means that this biomarker is considered as a Type 0. That is,
CEST has been demonstrated to correlate with extracellular
pH which is known to be altered in malignancy'**"*° and
while studies have also demonstrated correlation with cancer
aggressiveness and treatment efficacy,'”"'>? these data are sin-
gle center preliminary reports that require extensive ongoing
validation. As a QIB CEST derived values are classified as
interval variables.'*’ In general CEST pulse sequences demand
long duration saturation pulses, with acquisition at multiple
saturation frequencies, and with long repetition times to allow
for relaxation, all of which result in long scan times. The APT
technique itself is sensitive to motion. Additionally, static mag-
netic field and RF field in homogeneities present a challenge
for the CEST technique, which, when measuring the CEST
effect, must take these into account and be optimized. Never-
theless, endogenous CEST applications, such as APTw imag-
ing show great potential as an emergent MR biomarker.

4.B.3. Hyperpolarization (HP)

While 'H MRI and MRS techniques provide valuable
insights into anatomical and physiological changes associated
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with cancer, several other molecules have the potential to elu-
cidate additional information but they have been used spar-
ingly due to their low concentrations in vivo. To address this
deficiency, several methods have been developed to increase
the net magnetic polarization of the nucleus under investiga-
tion through a process referred to as HP.'>® Depending upon
the nucleus and method, polarization levels of almost 100%
compared to the native values, which can be of the order of 1/
10000™ of a percent, can be achieved, thereby increasing the
SNR of the nucleus of interest to detectable levels. Thus, HP
techniques address the relatively limited abundance of the
molecular species of interest, as well as the lower gyromag-
netic ratio, compared to 'H, and in doing so create opportuni-
ties to study biologically important compounds and processes
that could not be obtained otherwise.

HP BC Magnetic resonance spectroscopic imaging: HP
13C is one of the most promising nuclei and has potential to
further improve the clinical assessment of cancer, in particu-
lar, by providing an improved assessment of disease type,
stage, and aggressiveness, and for monitoring treatment
response.'>* While clinical "*C spectroscopy has historically
been limited by its low natural abundance of 13C (1.1%) and
gyromagnetic ratio (y of '*C is one quarter that of 'H), this
has been overcome two ways: (i) by the '>C labeling of
important metabolic substrates such as [1-'°Clpyruvate, in
which the C-1 position is synthetically labeled with close to
100% "*C nuclei, and (ii) by prepolarizing these substrates
using dynamic nuclear polarization (DNP) before injection
into either preclinical cancer models or patients with can-
cer.””>'* The unprecedented gains in sensitivity (>10,000-
fold signal increase) provided by DNP has allowed the
in vivo acquisition of both single time point high spatial reso-
lution "*C-MRSI and time-resolved metabolic kinetics that
reflect flux through enzyme-catalyzed reactions previously
inaccessible by 'H spectroscopy.'>*'>

The detection of flux through individual enzyme-
catalyzed reactions offers a fundamentally new approach to
imaging and understanding disease biology, and this
approach is clinically translatable.'”®'” The most promising
HP substrate to date is [1-'*C]pyruvate, which provides the
following: monitoring of a key metabolic pathway, conver-
sion of [1-13C]pyruvate to [1-"*C]lactate (kp;) via the enzyme
lactate dehydrogenase (LDH), which is highly upregulated in
most cancer types (the “Warburg effect”); high levels of
polarization via dissolution DNP; and biocompatibility at
doses of 0.43 ml/kg body weight and 250 mM, as deter-
mined in a phase 1 safety trial."”'>® In addition, published
studies have demonstrated a mechanistic link between
increased HP lactate signal and other cancer-associated cellu-
lar alterations, such as the elevated expression of lactate
dehydrogenase A (LDHA) and monocarboxylate transporters
(MCTs), and lowered pH in the extracellular environment.
The accompanying reduction in PDH (pyruvate dehydroge-
nase) activity can also be directly measured via levels of
pyruvate C;-derived bicarbonate and [5-"*C]glutamate from
[2-"*C]pyruvate."’
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HP '3C MRSI encodes chemical and spatial information,
thereby providing the potential for using multiple HP '*C
labeled MR probes to detect several metabolic and/or phys-
iologic processes simultaneously after the injection of a
single bolus.'®® A number of '*C labeled bio-molecules
other than pyruvate have been suitably hyperpolarized; pre-
clinical studies have shown the potential for several of these
13C labeled probes to provide information about metabo-
lism ([5-13C]g1utamine), perfusion (13C urea), pH (13C
bicarbonate), and cellular redox status ([1—13C]dehy—
droascorbate).154 Additionally, HP 13C MRSI can be per-
formed on a standard clinical MRI scanner that has been
enabled to acquire '°C data, allowing it to be added to clini-
cal "H MRI exams.

Biomarker quantification: Absolute quantification of the
HP pyruvate and its metabolites is difficult owing to several
factors, including differences in polarization and simultane-
ous signal loss due to T}, metabolic conversion and RF sam-
pling. For this reason, ratiometric analyses of pyruvate and
lactate signal intensities have been the simplest and most
commonly used method to distinguish normal from diseased
tissues and following therapy. Dynamic imaging acquisition
in HP '3C MRI offers the potential to provide robust quantifi-
cation of metabolic conversion, regardless of differences in
bolus delivery.'®" This is in contrast to imaging at a single
time point which can be analyzed via the lactate-to-pyruvate
ratio,'®® but is very dependent on experimental timing.
Dynamic imaging acquisitions can be analyzed using kinetic
modeling, typically to calculate a pyruvate-to-lactate meta-
bolic conversion rate, ka.IS 8

Pyruvate is converted into lactate by LDH and cofactor
nicotinamide adenine dinucleotide + Hydrogen (NADH) via
an ordered ternary complex. The velocity of the reaction (Ve
in Mol/s) as a function of reagent concentrations can be
derived using classical enzyme kinetics.'®® Despite the under-
lying complexity, at present and under the assumption of
physiologically relevant conditions, this reaction in vivo is
typically summarized using a first-order two-site exchange
model'®*'°® utilizing a single apparent chemical conver-
sion rate constant (kp;, with units s_l). Chemical intercon-
version of HP pyruvate and lactate in vivo is described by
kpp = Ve /(P + P*), where P and P* represent the concentra-
tion of unlabeled and enriched HP “visible” pyruvate pools,
respectively.'® Another popular approach is to use the AUC
ratio from dynamic lactate and pyruvate data, that under
assumptions of constant-in-time flip angles acquired prior to
bolus arrival or consistent bolus characteristics, is directly
proportional to kp;.'®” Therefore, kinetic analysis of the spa-
tial and chemical endpoints of HP pyruvate can provide
a quantitative minimally invasive imaging biomarker for
changes in metabolism with malignant transformation and in
response to therapy.

As a biomarker, HP °C can be considered as Type 0 due
to its early phase of technical development and clinical
assessment. More specifically, while the underlying

Medical Physics, 48 (7), July 2021

e718

biological mechanisms of action are known, significant work
remains including the need for preclinical and multicenter
clinical trials as well as regulatory approval which are needed
to transition HP "*C to a Type 1 and eventually Type 2."7° In
addition it can be considered a ratio variable, as there is the
potential for a true zero value of the concentration of HP '*C.
It is expected that this biomarker will quickly transition from
Type 0 to Type 1.

HP °C MR QA/QC: Due to the early stages of develop-
ment and clinical translation of HP '*C MRSI, a QIBA pro-
file or standardized QC/QA program and phantom does not
exist. To this end, preclinical studies and early patient valida-
tion studies have established that a dynamic HP '*C MRI
imaging approach is required in order to deal with differences
in the delivery of HP ">C probes.'””'*® Additionally, an
enzyme-based phantom system providing reproducible
dynamic chemical conversion of HP pyruvate into lactate was
designed and implemented to validate the performance of
MR scanner hardware and acquisition as well as data model-
ing strategies. This phantom was also used in the first multi-
center trial of hyperpolarized [1-"*C]pyruvate entitled
“Multi-Site Development & Evaluation of a Quantitative 3D
Hyperpolarized '*C  MRI Clinical Prostate Cancer
Exam.” 162171

HP 3C MR as a biomarker in radiation oncology: HP
13C pyruvate MRI has been used successfully in several pre-
clinical and clinical studies to monitor response to treatment
via a range of anticancer therapies, including DNA-
damaging agents, radiotherapy, antivascular agents, targeted
therapies, hormonal therapy, and antimetabolites. All of
these have been reported to lead to a drop in HP lactate
labeling, mediated by different mechanisms in the various
treatments.'>>'>> These data have been instrumental in link-
ing measurements obtained from HP MRI imaging of pyru-
vate to post-therapy cancer viability and aggressiveness.
Specifically, in animal models, the conversion of HP pyru-
vate into lactate is reduced in tumors following exposure to
ionizing radiation (XRT). A reduction in HP lactate has
been observed in murine models of glioma 72 h after 5 Gray
of radiation,'”> MDA-MB-231 breast adenocarcinoma 96 h
after 16 Gray of radiation,173 and SCCVII squamous cell
carcinoma and HT-29 colon cancer 1 day after conclusion
of fractionated (3 X 10 Gray) XRT.'7*17

A phase 1 clinical trial in prostate cancer patients demon-
strating the safety and imaging feasibility of HP [1-"*C]pyru-
vate MRSI has been completed,157 and there are a number of
ongoing clinical trials at several institutions involving patients
with prostate cancer, breast cancer, brain tumors, liver metas-
tases, and heart failure.>®7%'78 In the case of prostate cancer,
early patient validation studies involving test—retest repro-
ducibility, correlations with pathologic findings, and clinical
outcomes such as survival and disease progression after treat-
ment have been initiated. In advanced prostate cancer, 6 weeks
after effective androgen deprivation- and chemo- therapy, a
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FiG. 4. Contiguous axial T,-weighted anatomic images with overlaid pyruvate-to-lactate metabolic conversion rate(kp; ) images (base to apex) of a 52-year-old
patient with extensive high grade prostate cancer prior to therapy. (a) Pretreatment regions of high kp;, were consistent with biopsy proven Gleason score 4 + 5
and 4 + 4 cancer throughout the left lobe and Gleason score 4 + 3 in the right midgland. (b) Six weeks postandrogen deprivation- and chemo-therapy, multipara-
metric '"H MRI indicated the presence of residual cancer; in contrast, kp;, was dramatically reduced (kp max pre ~.025, post ~ 0.007 sec™!), consistent with a
significant reduction in serum prostate specific antigen (25.7-0.78 ng/ml). [Color figure can be viewed at wileyonlinelibrary.com]

significant early reduction in kp; preceded changes in mp-'H
MRI and predicted clinical response (Fig. 4).'7%17¢-178

Following promising preclinical studies in brain tumors,
multiple sclerosis, and traumatic brain injury, the feasibility
of using HP >C MRI for evaluating brain metabolism in
patient studies was recently established.'’”'”® These studies
demonstrated that [1-"°C]pyruvate is transported across the
blood-brain barrier, and that conversion to [1-13C]lactate can
be detected in regions of tumor and normal brain. Interest-
ingly, the rate of conversion in normal brain was substantially
higher than had previously been observed in anesthetized pre-
clinical models. For dynamic slab-localized and 2D echo pla-
nar spectroscopic imaging data with 4-8 cc spatial
resolution, it was also possible to observe the conversion of
HP pyruvate to bicarbonate, which may discriminate between
tumor and normal brain. Single institution studies with NIH
funding include protocols for obtaining data in primary brain
tumors prior to image-guided surgery, and for comparing that
conversion to [1-*C]lactate/[1-"*C]pyruvate in patients pre-
and post-treatment with radiation and temozolomide.

Biomarker strengths, weaknesses, and limitations: As a
biomarker in RO, HP 13C MRSI could prove useful in evalu-
ating prognosis and indicating overall response akin to the
use of FDG PET/CT in lymphoma.'” In this context, the role
of HP would be to determine whether or not treatment has
eliminated the malignancy, as well as to help determine if
there is a need for additional treatment by predicting the like-
lihood of disease relapse or progression.

Although HP "C has significant promise to provide new
and quantitative insights for RO, several limitations and
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weaknesses remain. The short half-life of HP '*C (65-70 s
for [1-"*C]pyruvtae at 3T) necessitates the need for onsite
DNP polarizer (SPINlab, GE Healthcare) and related prepara-
tion and handling spaces similar to what is needed for short
half-life ''C PET probe production. An onsite hyperpolarizer
represents a financial investment and requires associated
technical and professional staff required to run and maintain
the unit, limiting the dissemination of this technology to the
broader RO community. The success of the phase 1 clinical
trial resulted in the rapid proliferation and clinical research
use of commercial SPINLab polarizers. Despite the expense,
more than 20 sites currently have SPINlab polarizers, seven
have performed HP [1-'">C]pyruvate human studies (resulting
in 200+ patient studies in brain, heart, prostate, and liver thus
far), and 5+ sites are in the final planning stages. Another
limitation of HP '*C is the need for ongoing validation and
quantification in order for it to become a true QIB. Analytic
validity will be an important question, as clinicians need to
understand what HP '>C MRSI is measuring and see evi-
dence that these measurements are accurate. Demonstrating
the reproducibility of hyperpolarized imaging exams is
another important step, requiring established standards and
repeatable methods for HP '>C MRSI data acquisition and
interpretation. Clinical validity remains to be established, as
well. HP '*C MRI results must be compared to an accepted
clinical standard such as the tissue or laboratory-based assays.
In assessing the clinical utility, clinicians will look for valida-
tion against clinical outcomes, accuracy (sensitivity, speci-
ficity, ROC area) vs a reference standard in diagnostic
applications, and predictive accuracy in assessing therapeutic
response, as described previously for other considered
biomarkers.
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4.B.4. Magnetic resonance elastography (MRE)

MRE is a phase-contrast based method of quantifying the
mechanical properties of biological and biologic-like materi-
als. The technique, first described by Muthupillai et al,'®
involves the visualization of cyclic displacements induced by
propagating acoustic (i.e., shear) waves within the object
under interrogation and encoded in the phase of the MR sig-
nal. Synchronization of the external motion source and
motion sensitizing gradients allows sampling of the shear
wave at predetermined phase offsets of the shear wave cycle.
This information is then processed by a mathematical opera-
tion known as inversion,'®! in which an estimate of the shear
modulus of the material is obtained. Since the inversion oper-
ation is performed at each pixel, the output is a quantitative
topographical distribution of the intrinsic mechanical proper-
ties of the material under interrogation and is commonly
referred to as an elastogram.

A variety of both benign and malignant disease processes
alter the intrinsic mechanical properties of tissues,'>> a phe-
nomenon that is utilized by one of the oldest and most cost
effective methods of the physical exam, palpation. For solid
malignant masses, their mechanical properties are known to
increase due to a variety of factors, including the generation
of compressive and tensile forces due to tumor growth,
increasing stiffness of density of the extracelluar matrix
(ECM), and an increase in interstitial fluid pressure due to
angiogenesis and breakdown of the endothelial barrier.'®* In
contrast, at the cellular level, malignant cells are known to be
softer than their nonmalignant equivalents,'* pointing to the
significant contribution to overall tumor stiffness by the
ECM and its constituents.'®* Increased ECM stiffness plays
an additional, important role in the promotion of tumorogen-
esis and metastatic potential'® by means of mechanotrans-
duction,'®® the process of conversion of mechanical forces
into chemical signals, effectively creating a feedforward
mechanism in which increasing stiffness of the ECM pro-
motes both the growth of malignant cells and related growth
factors.'®* In nonmalignant fibrotic diseases tissue stiffness is
also known to increase due to remodeling of the ECM, pri-
marily through the increased deposition of collagen.'®?
Malignant and fibrotic diseases share many common charac-
teristics: increased overall stiffness, remodeling of the ECM,
and a feedforward process whose primary mode of action is
increased stiffness. In fact, malignant tumor growth has been
described as the “wound that does not heal”.'®

In a perfectly elastic material in which there are no viscous
losses, the shear modulus (, the ratio of shear stress to shear
strain) of the material is related to the shear wave speed (V)
by the equation p = pVZorp = p (f)»sp)2 where p is the den-
sity of the material, f the frequency of the mechanical excita-
tion, and A, the spatial wavelength of the propagating shear
wave. Early MRE inversion algorithms assumed that tissue
was perfectly elastic, estimating p by spatially resolving A,
and assuming that tissue density was equal to 1.0 g/em® (i.e.,
unity). To reflect the fact that these algorithms ignored the
effects of viscosity, the quantitative values generated have
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been referred to as estimates of shear stiffness as opposed to
shear modulus. Recent advances in MRE inversion algo-
rithms have included the effects of viscoelasticity, thereby
providing a more accurate estimate of the true elastic proper-
ties of human tissues and organs.'®” Inclusion of viscoelastic
effects provides a complex estimate of shear modulus G* in
which both the storage (G’) or elastic and loss (G’’) or vis-
cous components are calculated.'™"'®® Within the context of
this work, stiffness refers to the general mechanical properties
of tissue, shear stiffness to elastograms generated by MRE
inversion methods that assume a perfectly elastic medium,
and shear modulus those techniques that include viscous
losses. In all circumstances, MRE elastograms are quantita-
tive, providing estimates of the intrinsic shear mechanical
properties of the material under investigation in kilopascals
(kPa).

MRE quantification: MRE derived estimates of G* of tis-
sue can be considered as a QIB of Type 0, while actual stiff-
ness values are considered ratio variables. At the time of
publication, a MRE QIBA profile has been published and is
considered a consensus profile (http:/qibawiki.rsna.org/ima
ges/ff6/MRE-QIBA _Profile-2019-06-06-CONSENSUS-ma
intenance.pdf). The relatively nascent nature of this biomar-
ker is reflected in the fact that the profile only pertains to
liver fibrosis and implicitly excludes other organs and disease
processes known to increase liver stiffness. The profile pro-
vides the claim that a change in hepatic stiffness of 19% or
larger represents a true change in stiffness with a 95% confi-
dence interval (CI) measured over two time points on the
same scanner, MRE driver hardware, acquisition parameters
and software.

MRE QA/QC: The MRE QIBA profile provides recom-
mendations for MRE QA which includes compliance with
MR scanner manufacturer and accreditation body general QA
programs. In addition, the profile describes an optional QA
program to ensure the proper functioning of the MRE system
that involves scanning a cylinder of dimensions 12.5 cm X

15.5 cm (diameter) of wall thickness of 0.15 cm filled with
polyvinyl chloride (PVC) typically supplied by the MR equip-
ment vendor. A bi-annual testing frequency is recommended
in which differences in average stiffness between measure-
ments of <10% are considered within acceptable limits. It is
important to note that at the time of this report, a standardized
universal MRE QA phantom and testing protocol does not
exist.

MRE as a biomarker in radiation oncology: The most
widely used clinical application of MRE is for the diagnosis
of liver fibrosis'®; as such, the application of MRE in the
diagnosis of cancer, as well as the response to therapy
(chemotherapy and/or radiation therapy), remains largely
unexplored. Figure 5 demonstrates MR elastograms derived
from two patients: one with a benign cavernous hemangioma
located in the left lobe of the liver, the other with a malignant


http://qibawiki.rsna.org/images/f/f6/MRE-QIBA_Profile-2019-06-06-CONSENSUS-maintenance.pdf
http://qibawiki.rsna.org/images/f/f6/MRE-QIBA_Profile-2019-06-06-CONSENSUS-maintenance.pdf
http://qibawiki.rsna.org/images/f/f6/MRE-QIBA_Profile-2019-06-06-CONSENSUS-maintenance.pdf
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FiG. 5. Fat saturated T,-weighted, MRE magnitude and elastogram images of benign and malignant masses in the liver. (a) Benign cavernous hemangioma (red
arrow) located in the left lobe of the liver with an average stiffness of 1.7 kPa. (b) Malignant cholangiocarcinoma (outlined) located in the left lobe of the liver
with an average stiffness of 9.4 kPa. [Color figure can be viewed at wileyonlinelibrary.com]

cholangiocarcinoma in the left lobe of the liver. The malig-
nant mass is over five times stiffer than the benign mass. Pre-
liminary results from Pepin et al'”’ demonstrated that MRE-
derived tumor stiffness is altered in non-Hodgkin’s lym-
phoma following administration of chemotherapy and that
these changes precede volumetric changes. In addition, differ-
ences in MRE-derived stiffness between normal and malig-
nant tissues have been quantified by numerous groups in a
variety of organs and cancer types including the breast, pros-
tate, brain, and liver. In general, solid malignant tumors are
harder (i.e., stiffer) than benign or nonmalignant tissue within
the same organ.'®' Stiffness profiles of brain tumors are con-
siderably more heterogeneous with both benign and malig-
nant tumors exhibiting stiffness values ranging from less than
(i.e., softer) to larger than (i.e., harder) normal brain parench-
yma."”? Recent research'®® indicated that glioma grade is
inversely related to shear stiffness, and that differences in
stiffness are associated with mutation of the IDH1 gene.

Biomarker strengths, weaknesses, and limitations: MRE
is a potentially powerful oncologic biomarker providing addi-
tional diagnostic information (i.e., tissue stiffness) noninva-
sively. It quantifies the spatial topography of tissue stiffness,
thereby identifying areas of higher/lower grade disease within
a given mass, and has the potential to provide information on
treatment response significantly earlier than conventional
imaging-based criteria such as RECIST. Ongoing research
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also indicates that MRE can also provide a range of stiffness-
related biomarkers, such as the storage and loss modulus as
well as the damping ratio. As an emergent biomarker it is
apparent that the full utility of MRE is yet to be realized, par-
ticularly in oncology-related indications and applications.
Several limitations and challenges exist related to the use
of MRE-derived estimates of tissue stiffness. Because of the
emergent nature of this biomarker, there are limited data on
tissue and organ stiffness for normal and disease conditions.
As a biomarker in RO, there is less data, particularly in deter-
mining response to therapy and normal tissue toxicity. Addi-
tionally, there is a lack of standardization of acquisition
techniques, mathematical processing algorithms, and QA/
QC, with the exception of liver MRE for which a QIBA pro-
file exists. With the development of 3D MRE techniques,
spatially accurate shear wave displacement fields can be sam-
pled, allowing more precise estimates of tissue stiffness and
providing the opportunity to assess focal disease; however,
there remains a spatial resolution limit beyond which stiffness
estimates are no longer considered reliable. It is important to
appreciate that there is no single spatial resolution value (e.g.,
a given pixel size in mm) for which MRE stiffness estimates
can be considered valid or invalid. This is because this limit
is dependent upon multiple factors, such as driving fre-
quency, geometry, and other acquisition parameters which
are unique to a given MRE application, disease process, and
organ. As such, MRE-derived estimates of tissue stiffness
(i.e., G*) cannot be used to direct RT treatments, either
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directly by means of importation into RT treatment planning
systems, or indirectly through visual inspection of elastogram
data sets.

4.B.5. Fat quantification

Body fat content can be assessed using both imaging and
spectroscopic techniques that rely upon a shift in the resonant
frequency of protons in fat compared to water.'”* The shift,
known as the chemical shift effect, is equal to approximately
3.5 parts per million of the resonant frequency of water.
Because resonant frequency is field strength dependent, the
shift is equal to 220 Hz at 1.5 T and 440 Hz at 3.0 T, with
lipid-bound hydrogen having a lower resonant frequency
compared to water.'”* While chemical shifts between water
and fat signals can produce so-called chemical shift artifacts
of the first and second kind, these effects form the basis of
both spectroscopic and fat imaging techniques.

Spectroscopic assessment of fat content involves assess-
ment of the spectrum of resonant frequencies of protons
within a given voxel of tissue. The two most common
approaches are known as point resolved spectroscopy
(PRESS) and stimulated echo acquisition mode (STEAM).'””
In reality, fat consists of several types of hydrocarbon combi-
nations (CH, CH,, CHj), and spectroscopy provides a
method to both quantify and differentiate individual chemical
species. PRESS and STEAM approaches, although, are
dependent upon pulse sequence parameters, with PRESS pro-
viding an overestimate of fat content when compared to
STEAM.'” Independent of technique, the fidelity of the
spectroscopic data is highly dependent upon the homogeneity
of the B, field. As such, By shimming techniques are essen-
tial, as well as imaging of tissue which is relatively homoge-
neous. Spectroscopy is also highly sensitive to the effects of
motion.

All imaging-based approaches rely upon the chemical
shift between fat and water protons but vary in their accuracy
and complexity. The simplest approach is to perform suppres-
sion of the fat signal using RF pulses tuned to the resonant
frequency of fat. Acquisition of a second image without sup-
pression of the fat signal provides a fat and water image. Sub-
traction of the two data sets provides an estimate of the fat
only content. While straightforward and implementable on all
commercial MR scanners, this approach is the least quantita-
tive.'”* Like the chemical saturation approach, so-called dual
echo Dixon methods obtain two image data sets in which the
fat and water signals are either in phase or 180° out of phase.
It can be easily shown that subtraction and addition of the
two data sets provides an image of the fat only and water only
content.'” Like chemical saturation methods, dual echo
Dixon techniques are prone to B, inhomogeneities and can
produce errors in the estimation of fat content, the most com-
mon of which is the so-called fat-water signal swap. The most
robust approach to fat quantification is the use of multiecho
(typically 3 or six)'®° iterative reconstruction methods in
which the fat and water signals are out of phase at phase
angles that are no longer integer increments of 180°."°” These
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algorithms provide a method of estimating and therefore cor-
recting for By inhomogeneities. Thus, they are less suscepti-
ble to fat-water swaps and other artifacts.

Quantification: Within the MR imaging community, con-
sensus is developing regarding the most accurate and practi-
cal approach to fat quantification, known as the proton
density fat fraction (PDFF)."”® The PDFF is simply the ratio
of the fat to fat + water signal (PDFF = SSTFSF where
S,,and Sr are the water and fat signals, respectively), in which
confounding factors such as T,*, T; spectral shifts, and noise
bias are corrected.”® As such, the PDFF can be considered
as a ratio variable, given that a value of zero is likely improb-
able. As a QIB the PDFF can be considered as a Type O,
given that body fat content is a known contributor to a variety
disease states with PDFF values being ratio variables.

Fat quantification QA/QC: While PDFF is being recog-
nized as the most precise and reliable biomarker for quantita-
tive assessment of body fat content, standardized QA/QC
programs do not exist. To address this limitation, a QIBA
FDFF Biomarker committee has been established (http://qiba
wiki.rsna.org/index.php/PDFF_Biomarker_Ctte), however, at
the time of writing, a PDFF profile is not available. It is
expected that the finalized protocol will contain standardized
profile components, including standardized imaging proto-
cols, QA/QC programs, and phantoms.

Fat quantification as a biomarker in radiation oncology:
Initial interest in quantification of fat content stems from the
role of body fat content (i.e., obesity) in disease stage and
progression, as well as overall health in general. More
recently, interest in quantification of PDFF has increased due
to the recognition that nonalcoholic fatty liver disease
(NAFLD) is the most common liver disease in the United
States, and that hepatic steatosis is a primary feature and the
earliest manifestation of this disease.”*”

While the role of PDFF in oncology is yet to be estab-
lished, initial studies suggest that this biomarker is diagnostic
and prognostic and provides insight into therapeutic
response. Van Gemert et al*”" identified that loss of body fat
in postmenopausal women was associated with changes in a
variety of biomarkers that are known to be associated with
increased risk of breast cancer. A literature review extending
over 20 yr by White et al’** identified a similar association
between increased risk of hepatocellular carcinoma with
NAFLD and with nonalcoholic steatohepatitis (NASH, i.e.,
fatty liver). As a biomarker of therapeutic response, changes
in bone marrow fat content in patients undergoing radiation
and chemotherapy have been described,***°* along with a
dose response relationship between fat content and radiation
and chemotherapy.”** Visceral fat area has been identified as
being predictive of outcome in both colorectal””” and meta-
static renal cell carcinoma®“® treated with targeted antiangio-
genic chemotherapy agents, supporting the fact that adipose
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tissue releases angiogenic factors known to promote tumor
growth. While these findings are encouraging, it is important
to note that, as with other emergent biomarkers, extreme cau-
tion should be exhibited when using PDFF values in treat-
ment planning and treatment response decisions.

Biomarker strengths, weaknesses, and limitations: As
mentioned, T; and R,*(1/T,*) weighting are the primary con-
trast confounders to PDFF. R,* shortening caused by iron is
the most common factor impacting accuracy in hepatic mea-
surements, as rapid signal decay can severely impact the sig-
nal of the second gradient echo in a phase sensitive
experiment. Fat and water signals are modeled by a simple
two-peak spectroscopic model, even though fat is known to
have several spectral peaks (5.3, 4.3, 2.1, 1.3, and 0.9 ppm),
whose relative contributions could vary by fat type and
anatomical site. However, the two-peak spectroscopic model
has the minimum number of parameters to fit, and thus is
most robust and most broadly implemented. Overall, PDFF is
believed to have excellent repeatability and reproducibility. A
meta-analyses published by the RSNA-QIBA PDFF Biomar-
ker Committee found excellent repeatability and reproducibil-
ity in 11 studies, with a standard deviation of only 1.08%
absolute PDFF value under repeatability conditions and a
standard deviation of 1.48% absolute PDFF value under
reproducibility conditions when measurements are made
within the same ROI. Reproducibility conditions included
varying field strengths, manufacturers, and reconstruction
methods.

4.B.6. Multiparametric MRI (mpMRI) and imaging
habitats

Cancer is a biologically complex and heterogeneous dis-
ease process.'*® As such, no single biomarker, imaging or
otherwise, has yet to fully characterize or quantify this varia-
tion. mpMRI is a methodology that attempts to address this
limitation by combining and processing individual MR
biomarkers acquired within a given volume of interest. While
still emerging as an oncologic methodology, mpMRI is
expected to play a significant role in quantitative imaging,
radiomics, machine learning, and decision support systems
for such applications as tumor/organ segmentation for treat-
ment planning, dose painting, tumor heterogeneity characteri-
zation/quantification,  prognosis, outcome  prediction,
response assessment, and functionally adaptive RT.2*’-2'?

A novel application of mpMRI is the concept of imaging
habitats within tumors and their surroundings. It comes from
the application of landscape ecology principles to the evolu-
tionary study of tumors, where cancer and normal cells under
various selective forces (e.g., environmental conditions) form
spatially distinct regions or habitats.”’> This approach
attempts to relate macroscopic tissue heterogeneity from
medical images to salient molecular properties of cells mak-
ing up various ecosystems (i.e., habitats within a tumor and
its surroundings).”’*?'> Once defined based on the analysis
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of multiple different MRI sequences/parameters, these
ecosystems can be spatially mapped back onto the images,
providing a powerful 3D representation of the heterogeneity
of a volume of interest that may be linked to biology to be
further use in diagnosis and therapy.”'®>'® Several groups
have begun researching the link between MRI imaging habi-
tats and histopathology and genomics, which could eventu-
ally lead to the use of imaging of volumetric “biopsies,”
thereby promising to revolutionize longitudinal histological
characterization of tumors.*'®2

An example of the creation and use of imaging habitats
involves the combination of MR blood flow and cellular den-
sity biomarker information obtained from perfusion and
fluid-attenuated inversion recovery (FLAIR) MRI. If the sig-
nal intensities in each scan are preprocessed and categorized
as either high or low based on selected thresholds, four differ-
ent habitats may be formed when each voxel is catego-
rized.””' The voxels denoting high cell density (low FLAIR)
but poor perfusion may be interpreted as hypoxic regions or
habitats for therapy resistant phenotypes, and if color coded,
they are easily identifiable on axial images.*'**'*

Biomarker quantification: While mpMRI can provide
quantitative outputs such as classifying regions of the brain as
either being normal or abnormal as well as identifying CSF
following stroke,** the significant variability of input MR
biomarkers, processing techniques, and output parameters
means that it currently does not qualify as a QIB. Further stan-
dardization and development, such as a QIBA profile, are
therefore necessary to develop this promising methodology.
Without this framework a biomarker Type cannot be assigned.

QA/QC: At the time of this report, standardized QA and
QC methodologies and phantoms do not exist outside of
those for individual biomarkers. As such, significant chal-
lenges exist with regard to reliably reproducing results among
institutions that implement the “same” sequences, algorithms,
and analyses. This challenge calls for the need to devote seri-
ous efforts in standardization of the complete process affect-
ing the imaging biomarkers.?** 2%’

mpMRI and habitats as biomarkers in radiation
oncology: Cancer of the prostate is an active area of mpMRI
research and clinical evaluation®”® The addition of 'H MRSI
to To-weighted MR imaging (AUC = 0.79) was shown to sig-
nificantly improve the diagnostic accuracy of T,-weighted
MR imaging alone (AUC = 0.67) in the detection of locally
recurrent prostate cancer after definitive external beam radia-
tion therapy.’® Figure 6 is an example of this combined
approach reproduced from Zhang et al,**’ where the red
arrows identify a region of decreased ADC in the right mid
gland of the prostate. The T,-weighted image shows no signal
abnormality while the spectra overlapping the region of
reduced ADC demonstrated an absence of citrate and
polyamines and a very elevated Cho to Cr ratio.
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FiG. 6. (a) Representative T,-weighted axial image of a 63-year-old patient with a PSA of 2.4 ng/ml, 2.5 years after external beam radiation therapy. (b) Corre-
sponding ADC image. (c) T,-weighted image with 0.16 cc 'H MRSI spectral array overlaid. (d) Resultant 'H spectra. The red arrows in image (b) indicate a
region of clear-cut ADC reduction in the right mid gland of the prostate (< 1.0 x 10> mm?/sec), which was not clear on the corresponding T,-weighted image
(A). Spectra overlapping the region of reduced ADC (c and d) demonstrated and absence of citrate and polyamines and a very elevated Cho to Cr ratio. A subse-
quent MR targeted trans urethral ultrasound-guided biopsy demonstrated a large volume of recurrent Gleason score 4 + 4 cancer in the same location as the

ADC and metabolic abnormalities. Figure reproduced with permission from Zhang et al

mpMRI in general, and habitat imaging in particular, are
expected to have many applications in RO. In radiotherapy,
habitats have the potential to further enhance identification of
gross tumor volume (GTV), clinical target volume (CTV),
and planning target volume (PTV); and multiple habitats
composing a tumor could each be treated to different doses
(habitat-dose painting) based on the underlying imaging-
derived biological information of each habitat. More impor-
tantly, imaging studies may be repeated at later times, reveal-
ing how habitats evolve due to therapy, affording the
potential of identifying aggressive and/or resistant tumor
regions dynamically, and therefore, the opportunity to adapt
radiation doses based on the changing ecology of the tumor’s
habitats and its surrounding.?'**3%!

Biomarker strengths, weaknesses, and limitations: A
strength of mpMRI is the ability to combine multiple MR
biomarkers and to process this information using advanced
post processing techniques to improve the detection, differen-
tiation, and therapeutic response of malignancies compared
to a single MR biomarker. However, the weaknesses of
mpMRI are associated with the qualitative nature of this
approach as well as a lack of standardization in terms of bio-
marker selection, processing, and standardization. These, in
combination with the fact that mpMRI is not yet considered a
QIB, impose limitations on the applicability and translatabil-
ity into clinical practice of mpMRI.
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5. UNMET NEEDS AND RECOMMENDATIONS

Historically, diagnostic imaging systems lack the criteria
necessary to be considered as quantitative measurement
devices due to the absence of standardization protocols,
requirements for quantifying a given characteristic, and meth-
ods to quantify the accuracy and precision of the characteris-
tic (variable) wunder interrogation independent of
measurement model and manufacturer. The establishment of
imaging biomarkers has therefore provided a new impetus to
transform this traditionally qualitative field into a quantitative
one. This is particularly true regarding the development of
quantitative MR biomarkers and their recent adaptation/inte-
gration into RO. Despite recent efforts (such as the QIBA ini-
tiative) in this arena, significant unmet or partially met needs
necessary to complete this transformation remain. To help
facilitate the transition, this task group has identified some of
these needs and provided several recommendations intended
to accelerate the development and integration of MR QIB
into both clinical practice and RO research. These needs and
related recommendations are of broad scope requiring long
term and sustained efforts to address them. However, where
appropriate short/intermediate term recommendations have
been included to provide practical goals for advancing MR
QIB development in RO. What follows are seven unmet or
partially met needs identified, along with recommendations
for the development and translation of MR biomarkers in RO.
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Need #1:

QIBA profiles or equivalent for each biomarker pertinent
to RO applications.

Recommendation #1:

Recognizing the need for further standardization and
quantification of MR biomarkers, particularly their adapta-
tion and adoption in RO, the committee recommends ongo-
ing development of QIBA profiles including standardized
QC/QA protocols and phantoms, focusing on the unique
requirements of RO. QIBA Profiles, or equivalents, can and
should be developed by organizations other than RSNA/
QIBA. For example, the American Institute of Ultrasound in
Medicine (AIUM) is collaborating with RSNA/QIBA to write
Profiles for two ultrasound biomarkers. The European Bio-
marker Imaging Alliance (EIBALL) is collaborating with
RSNA/QIBA to write a Profile for arterial spin label (ASL)
MR imaging. QIBA-Japan is working on several QIBA-style
Profiles. The methodology and recommendations for writing
QIBA or QIBA-like Profiles are freely available on the web
(https://qibawiki.rsna.org/index.php/Main_Page) and can be
used or adapted by any interested entity.

Short/intermediate term: Provide recommendations on
how to modify/adapt QIBA DWI profile to address specific
needs of this QIB in RO. Encourage other relevant organiza-
tions, such as AAPM, ASTRO, and ISMRM, to create bio-
marker committees to write QIBA or QIBA-like Profiles.

Need #2:

Establish normative, disease, response to therapy, and tox-
icity values of valid MR QIB values when appropriate.

Recommendation #2:

As previously discussed, limited biomarker data satisfying
QIBA protocols exists, particularly in regard to MR biomar-
ker values of normative, disease, response to therapy, and
normal tissue toxicity in RO, where applicable. Thus, the
committee recommends ongoing efforts regarding integration
of QIBA profiles into RO clinical trials so that values relevant
to RO can be collected.

Short/intermediate term: Collect, tabulate, summarize and
standardize reporting of DWI values (normative, disease,
response to therapy, toxicity) for RO applications across mul-
tiple MR equipment manufacturers.

Need #3:

Standardized methods and reference materials to evaluate
acquisition and analysis approaches used to determine QIB
values.

Recommendation #3:

There remains significant variability in the phantoms, data
acquisition methods, algorithms, and postprocessing applica-
tions used to provide MR QIB values. To address this limita-
tion it is recommended that efforts be directed by
professional societies including the AAPM, ISMRM, and
RSNA to develop standardized algorithms and approaches to
derive QIB values. In particular, a QIB must be able to pro-
duce values reproducible and independent of MR scanner
manufacturer and postprocessing technique. Hence, end-to-
end testing using standardized phantoms and acquisition
methods should be performed in which the QIB value is
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known or predicted. In this way, variability as a function of
field strength, MR scanner platform, and postprocessing
algorithms can be tested without having access to proprietary
information on the hardware and software used in acquisition
and processing of the data.

Short/intermediate term: Evaluate QIBA MR phantoms
(DWI, Relaxometry, elastography) for compatibility as
applied to RO applications. Specifically in terms of quantita-
tive values tested and the correlation with QIB values
expected in RO applications. AAPM and ISMRM should
continue, and ideally increase, their collaborative activities
with the National Institute of Standards and Technology
(NIST) to develop MR phantoms and to support the fledgling
initiative of NIST to create a lending library of MR phan-
toms.

Need #4:

Additional educational materials and learning opportuni-
ties for both radiology and RO communities on the strengths,
weaknesses, and challenges of the use of MR biomarkers in
RO.

Recommendation #4:

Ongoing educational opportunities will be required to fur-
ther advance the field of MR biomarkers in RO and ensure
their appropriate and accurate use. To meet this need, the task
group recommends multiple professional societies develop
educational materials (such as web content, white papers,
presentations at national, and international meetings) and
educational opportunities (webinars, seminars, hands on
learning). The task group also encourages the collaboration
between various professional and government bodies associ-
ated with MR biomarker development through the sponsor-
ship of joint educational seminars and academic/scientific
meetings.

Short/intermediate term: Enhance MR in RO efforts cur-
rently underway in professional societies (AAPM, ISMRM)
by promoting the inclusion of MR QIBs in educational activi-
ties.

Need #5:

Closer collaboration between clinical, academic, industry,
and government agencies so as to expedite the development,
testing and translation of MR biomarkers for RO clinical
practice.

Recommendation #5:

A significant impediment to the translation of a biomarker
from Type O to Type 2 (surrogate) is the cost of development
including performing multicenter phase 3 clinical trials. The
inability to implement appropriate clinical trials and the insuf-
ficient funding of them is a much greater threat to biomarker
validation than are the limitations posed by the techniques to
develop them. Therefore, the task group recommends that clo-
ser collaborations between professional societies (RSNA,
AAPM, ISMRM, ASTRO) be established to help accelerate
the development of MR biomarkers in RO and to identify and
remove roadblocks that may impede biomarker development
and progress. A tangible way to address this need would be to
establish task forces/groups from all stakeholders, as well as
the inclusion of MR biomarkers as a translational research
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component of ongoing and future clinical trials. The commit-
tee also recommends encouraging closer collaboration
between relevant government and nongovernmental health
related agencies such as the Quantitative Imaging Network,
Cancer Imaging Program, and Imaging and Radiation Oncol-
ogy Core of the NIH and the American College of Radiology.
In addition, closer collaboration amongst large cooperative
clinical trial groups such as but not limited to the NRG (joint
venture of the Radiation Therapy Oncology Group, the Gyne-
cologic Oncology Group, and the National Surgical Breast and
Bowel Project) and Children’s Oncology Group is encouraged
to evaluate, through clinical trials(phase 1, 2, and 3), promising
biomarkers in RO.

Need #6:

Increased funding for biomarker development and clinical
trials necessary to accelerate the transition of biomarkers
from Type 0 to Type 2 (surrogate).

Recommendation #6:

Related to the previous need, the task group recognizes
that additional funding will be needed to accelerate the devel-
opment of promising MR imaging biomarkers in RO. This
includes the funding of multicenter trials of MR biomarkers
to establish the relationship between biomarker values and
outcome. To meet this need, the task group recommends
increased spending by government agencies at both state and
federal levels, as well as by private foundations and profes-
sional organizations such as ASTRO, AAPM, and the RSNA.

Short/Intermediate term: At a minimum, all radiation ther-
apy trials conducted by the NCI Cooperative Clinical Trials
Network (NCCTN) should include at least a substudy to col-
lect data relevant to one or more MR QIB’s relevant to RO.

Need #7:

Standardization of MR biomarker data formats for impor-
tation and integration of biomarker information into RO treat-
ment planning and decision-making systems.

Recommendation #7:

While the task group does not propose or provide guid-
ance for the use of MR biomarkers currently as part of the
clinical RO treatment planning and decision making process,
it does realize that there exists the potential that such
biomarkers, once classified as Type 2 to be used for this pur-
pose at some future point in time. This will require the need
to import biomarker information either as independent bio-
marker information or as some type of hybrid data into vari-
ous RO systems. The task group therefore recommends the
development of data format (e.g., DICOM RT) and import
standards for this purpose by collaborative efforts between
professional bodies and equipment manufacturers.

Short/intermediate term: Develop recommendations for
importing DWI QIB data into RO systems so as to provide a
template for future MR QIBs.

Need #8:

Development of a quantitative MR imaging system recon-
struction pipeline.

Recommendation #8:

A constraint relating the development of QIBs is the fact
that existing MR imaging systems are not designed as
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measurement systems but are rather engineered to provide
high quality images in the smallest time interval possible.
This has been a long-standing roadblock towards quantitative
imaging and the clinical implementation of MR QIBs. The
task group recommends that manufacturers in collaboration
with the scientific community develop acquisition and recon-
struction pipelines that are optimized to produce rigorous
quantitative results thereby accelerating QIB development,
testing, and clinical translation. This pipeline would be paral-
lel to and independent of the standard reconstruction pipeline
used for diagnostic imaging and interpretation.

6. CONCLUSIONS

MR biomarkers have the potential to improve the efficacy
of radiation therapy treatments by means of improved diag-
nostic accuracy (i.e. detection of disease at an earlier stage),
increased prognostic power (identifying imaging phenotypes
that are correlated with improved outcome), and earlier detec-
tion of therapeutic response. This is particularly relevant to
RO in which technological developments have enabled highly
spatial and dose conformal treatments to be readily available
and implementable. Under such conditions, QIBs of normal
tissues at risk have the potential to provide the necessary
information to ensure that such treatments do spare normal
tissues and their function while ensuring the delivery of a
sterilizing dose or radiation to malignant cells thereby
increasing the therapeutic ratio. Conversely, the inappropriate
or incorrect use of MR biomarker information can result in
equally deleterious effects, resulting in the potential for mis-
diagnosis, incorrect treatment decisions, and negative treat-
ment outcomes.

Correct application of biomarker information involves an
understanding of the underlying biological processes that
govern biomarker signals, the conditions under which a bio-
marker is quantifiable, the degree to which the biomarker has
been validated, the extent the biomarker has been classified
(as described in Table II), and the inherent limitation(s) of
the QIB. While the temptation exists to simply use numeric
information generated on the MR scanner or by the postpro-
cessing of raw MR data straight “out of the box,” this
approach is fraught with danger, likely resulting in the nega-
tive treatment outcomes described above. It is most likely that
the use of MR biomarkers in the radiation therapy decision
process will be one in which they serve as one or more inputs
into a multiparametric treatment decision process utilizing
data from multiple sources, not just MR biomarker values.

7. SUMMARY

An MR biomarker is defined as any anatomic, physio-
logic, biochemical, or molecular parameter detectable with
MR methods used to help establish the presence and/or sever-
ity of disease." For an MR biomarker to be a QIB, it must
produce a measurand considered to be either a ratio or inter-
val variable.® This report provides an overview of existing
and emergent RO MR biomarkers and their status both as a
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QIB and their biomarker stage. Guidance is provided regard-
ing MR biomarker use in RO. In this regard it should be
apparent that few MR biomarkers can be considered as surro-
gates, meaning that the information provided by these
biomarkers cannot be used as the single variable defining dis-
ease staging, type, extent, and response to therapy. Finally,
the report provides direction regarding the establishment of
the framework required to define and quantify biomarker val-
ues, most notably the formalization of this process as defined
by QIBA and related biomarker profiles. Taken in full, these
data indicate the potential, as well as pitfalls, associated with
information obtained from MR data. A cautious approach is
needed when using and integrating this data into the RO
decision-making process.
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