Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2015

Consensus recommendations for a standardized Brain Tumor Imaging
Protocol in clinical trials
Ellingson, B M ; Bendszus, M ; Boxerman, J ; Barboriak, D ; Erickson, B J ; Smits, M ; Nelson, S J ;
Gerstner, E ; Alexander, B ; Goldmacher, G ; Wick, W ; Vogelbaum, M ; Weller, M ; Galanis, E ;
Kalpathy-Cramer, J ; Shankar, L ; Jacobs, P ; Pope, W B ; Yang, D ; Chung, C ; Knopp, M V ; Cha, S
; van den Bent, M J ; Chang, S ; Al Yung, W K ; Cloughesy, T F ; Wen, P Y ; Gilbert, M R

Abstract: A recent joint meeting was held on January 30, 2014, with the US Food and Drug Administration (FDA), National Cancer Institute (NCI), clinical scientists, imaging experts, pharmaceutical
and biotech companies, clinical trials cooperative groups, and patient advocate groups to discuss imaging
endpoints for clinical trials in glioblastoma. This workshop developed a set of priorities and action items
including the creation of a standardized MRI protocol for multicenter studies. The current document
outlines consensus recommendations for a standardized Brain Tumor Imaging Protocol (BTIP), along
with the scientific and practical justifications for these recommendations, resulting from a series of discussions between various experts involved in aspects of neuro-oncology neuroimaging for clinical trials. The
minimum recommended sequences include: (i) parameter-matched precontrast and postcontrast inversion recovery-prepared, isotropic 3D T1-weighted gradient-recalled echo; (ii) axial 2D T2-weighted turbo
spin-echo acquired after contrast injection and before postcontrast 3D T1-weighted images to control
timing of images after contrast administration; (iii) precontrast, axial 2D T2-weighted fluid-attenuated
inversion recovery; and (iv) precontrast, axial 2D, 3-directional diffusion-weighted images. Recommended
ranges of sequence parameters are provided for both 1.5 T and 3 T MR systems.
DOI: https://doi.org/10.1093/neuonc/nov095

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-114447
Journal Article
Published Version
Originally published at:
Ellingson, B M; Bendszus, M; Boxerman, J; Barboriak, D; Erickson, B J; Smits, M; Nelson, S J; Gerstner,
E; Alexander, B; Goldmacher, G; Wick, W; Vogelbaum, M; Weller, M; Galanis, E; Kalpathy-Cramer, J;
Shankar, L; Jacobs, P; Pope, W B; Yang, D; Chung, C; Knopp, M V; Cha, S; van den Bent, M J; Chang,
S; Al Yung, W K; Cloughesy, T F; Wen, P Y; Gilbert, M R (2015). Consensus recommendations for a
standardized Brain Tumor Imaging Protocol in clinical trials. Neuro-Oncology, 17(9):1188-1198.
DOI: https://doi.org/10.1093/neuonc/nov095

Neuro-Oncology
Neuro-Oncology 17(9), 1188– 1198, 2015
doi:10.1093/neuonc/nov095
Advance Access date 6 August 2015

Consensus recommendations for a standardized Brain Tumor Imaging
Protocol in clinical trials
Benjamin M. Ellingson, Martin Bendszus, Jerrold Boxerman, Daniel Barboriak, Bradley J. Erickson, Marion Smits,
Sarah J. Nelson, Elizabeth Gerstner, Brian Alexander, Gregory Goldmacher, Wolfgang Wick, Michael Vogelbaum,
Michael Weller, Evanthia Galanis, Jayashree Kalpathy-Cramer, Lalitha Shankar, Paula Jacobs, Whitney B. Pope,
Dewen Yang, Caroline Chung, Michael V. Knopp, Soonme Cha, Martin J. van den Bent, Susan Chang, W.K. Al Yung,
Timothy F. Cloughesy, Patrick Y. Wen, Mark R. Gilbert, and the Jumpstarting Brain Tumor Drug Development
Coalition Imaging Standardization Steering Committee
UCLA Neuro-Oncology Program and UCLA Brain Tumor Imaging Laboratory (BTIL), David Geffen School of Medicine, University of
California – Los Angeles, Los Angeles, California (B.M.E., T.F.C.); Department of Radiological Sciences, David Geffen School of Medicine,
University of California – Los Angeles, Los Angeles, California (B.M.E., W.B.P.); Department of Neuroradiology, Heidelberg University
Hospital, Heidelberg, Germany (M.B.); Department of Diagnostic Imaging, Warrne Alpert Medical School, Brown University,
Providence, Rhode Island (J.B.); Department of Neuroradiology, Duke University School of Medicine, Durham, North Carolina (D.B.);
Department of Radiology, Mayo Clinic, Rochester, Minnesota (B.J.E.); Department of Radiology, Erasmus MC University, Rotterdam,
Netherlands (M.S.); Department of Radiology and Biomedical Imaging, University of California – San Francisco, San Francisco,
California (S.J.N., S.C.); Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts
(E.G.); Center for Neuro-Oncology, Dana-Farber/Brigham and Women’s Cancer Center, Harvard Medical School, Boston,
Massachusetts (B.A., P.Y.W.); Medical and Scientific Affairs, ICON Medical Imaging, Warrington, Pennsylvania (G.G., D.Y.); Department
of Neurooncology, National Center of Tumor Disease, University Clinic Heidelberg, Heidelberg, Germany (W.W.); Department of
Neurological Surgery, Brain Tumor and Neuro-Oncology Center, Cleveland Clinic, Cleveland, Ohio (M.V.); Department of Neurology,
University Hospital Zurich, Zurich, Switzerland (M.W.); Division of Medical Oncology, Department of Oncology, Mayo Clinic, Rochester,
Minnesota (E.G.); Martinos Center for Biomedical Imaging, Massachusetts General Hospital and Harvard Medical School, Boston,
Massachusetts (J.K.-C.); Division of Cancer Treatment and Diagnosis, National Cancer Institute (NCI), Bethesda, Maryland (L.S., P.J.);
Department of Radiation Oncology, University of Toronto and Princess Margaret Hospital, Toronto, Ontario, Canada (C.C.); Wright
Center for Innovation in Biomedical Imaging, Division of Imaging Science, Wexner Medical Center, Ohio State University, Columbus,
Ohio (M.V.K.); Department of Neuro-Oncology, Erasmus MC Cancer Institute, Rotterdam, Netherlands (M.J.v.d.B.); Department of
Neurological Surgery, University of California – San Francisco, San Francisco, California (S.C., S.C.); Department of Neuro-Oncology,
Division of Cancer Medicine, The University of Texas MD Anderson Cancer Center, Houston, Texas (W.K.A.Y.); Department of Neurology,
David Geffen School of Medicine, University of California – Los Angeles, Los Angeles, California (T.F.C.); Neuro-Oncology Branch,
National Cancer Institute (NCI), Bethesda, Maryland (M.R.G.); Adult Brain Tumor Consortium (ABTC) (B.M.E., E.G., P.Y.W.); Ivy
Consortium for Early Phase Clinical Trials (B.M.E., S.J.N.); American College of Radiology Imaging Network (ACRIN) (B.M.E., J.B., D.B.);
European Organisation for Research and Treatment of Cancer (EORTC) (M.B., M.S., W.W., M.J.v.d.B.); Alliance for Clinical Trials in
Oncology (B.J.E., E.G.); RSNA Quantitative Imaging Biomarker Alliance (QIBA) (B.M.E., D.B., G.G., B.J.E., M.V.K.); American Society of
Neuroradiology (ASNR) (B.M.E., J.B., D.B., B.J.E., W.B.P.); American Society of Functional Neuroradiology (ASFNR) (J.B.); Radiation
Therapy Oncology Group (RTOG) (M.V., M.R.G.)
Corresponding Author: Benjamin M. Ellingson, PhD, Radiological Sciences, David Geffen School of Medicine at UCLA, 924 Westwood Blvd, Suite 650,
Los Angeles CA 90095 (bellingson@mednet.ucla.edu).
See the editorial by Sul and Krainak, on pages 1179– 1180.

A recent joint meeting was held on January 30, 2014, with the US Food and Drug Administration (FDA), National Cancer Institute
(NCI), clinical scientists, imaging experts, pharmaceutical and biotech companies, clinical trials cooperative groups, and patient advocate groups to discuss imaging endpoints for clinical trials in glioblastoma. This workshop developed a set of priorities and action
items including the creation of a standardized MRI protocol for multicenter studies. The current document outlines consensus recommendations for a standardized Brain Tumor Imaging Protocol (BTIP), along with the scientific and practical justifications for these
recommendations, resulting from a series of discussions between various experts involved in aspects of neuro-oncology neuroimaging for clinical trials. The minimum recommended sequences include: (i) parameter-matched precontrast and postcontrast
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inversion recovery-prepared, isotropic 3D T1-weighted gradient-recalled echo; (ii) axial 2D T2-weighted turbo spin-echo acquired
after contrast injection and before postcontrast 3D T1-weighted images to control timing of images after contrast administration;
(iii) precontrast, axial 2D T2-weighted fluid-attenuated inversion recovery; and (iv) precontrast, axial 2D, 3-directional diffusionweighted images. Recommended ranges of sequence parameters are provided for both 1.5 T and 3 T MR systems.
Keywords: Brain Tumor Imaging Protocol, clinical trials, glioblastoma, MRI.

Need for Increased Development of Therapeutics
for Treating Brain Tumors
Approximately 67 900 new primary CNS tumors are diagnosed
each year in the United States (21 per 100 000 persons), of
which 44 910 are malignant.1 Of these newly diagnosed
tumors, approximately 28% are gliomas, which constitute 80%
of all malignant primary brain tumors.1 Glioblastoma, the most
common and aggressive type of glioma, is the focus of this document for 2 reasons. First, it is the most common form of highgrade glioma, accounting for 54% of all gliomas and 45% of
all malignant primary CNS tumors;1 thus, it is a high priority
area for therapeutic development. Second, glioblastoma is one
of the most complex and treatment-resistant brain tumors;
therefore, improvements in drug development and measurement of tumor response to therapy in glioblastoma may allow
advancement of these efforts for other types of brain tumors.
The current standard of care for newly diagnosed glioblastoma patients involves maximum safe surgical resection, followed
by radiotherapy plus concomitant and adjuvant temozolomide,2
but this treatment affords only a median survival of 14 – 16
months,3 – 6 and fewer than 10% of patients survive 5 years beyond diagnosis.7 Furthermore, very few therapeutic options exist
for recurrent disease since patients with prior temozolomide
exposure have progression-free survival (PFS) rates at 6 months
of 20%–40% regardless of chemotherapeutic intervention (eg,
nitrosoureas, temozolomide rechallenge, or bevacizumab).5,6,8
Thus, there is an urgent need for drug development in recurrent
glioblastoma.

Role of Imaging in Brain Tumor Clinical Trials
Although overall survival (OS) is considered the gold standard
for determining whether a cancer treatment is effective, OS
may not directly reflect the specific impact of particular treatment regimens because of the confounding effects of known
prognostic factors (eg, age, tumor size, neurological status),
use of additional therapies prior to or after the therapy of interest, and other health-related factors.9,10 Hence, PFS and durable objective response rate (ORR) are considered valuable end
points for determining the relative value of a given treatment.11
(Note that PFS also suffers from the impact of prognostic factors.) Identifying response and progression has traditionally
been based on neuroimaging supported by clinical observation12
with limited utility of serum or cerebrospinal fluid markers of
disease for gliomas. However, surrogate measures of tumor
burden (eg, area with contrast uptake) can suffer from issues
associated with nonspecificity of the surrogate, measurement
variability, false positives, and discordance in radiographic interpretation between observers.13 Therefore, Response Assessment
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In Neuro-Oncology (RANO) needs refinement to minimize intrinsic
errors and to improve the accuracy of determining true response
to a particular therapy.
A joint meeting was held on January 30, 2014, among the
Food and Drug Administration (FDA), National Cancer Institute
(NCI), clinical scientists, imaging experts, clinical trials cooperative groups, representatives from pharmaceutical and biotechnology companies, and patient advocate groups to discuss
endpoints for clinical trials in glioblastoma.9,10,14,15 With only
4 drugs for glioblastoma having been approved by the FDA
over the past 30 years (ie, nitrosoureas, carmustine, temozolomide, and bevaczumab), the significant costs associated with
large studies, and few survival-extending breakthroughs,
there is a need to quickly identify effective experimental therapies with a minimum of invested time and cost. For example, 3
large phase 3 trials were completed, based on promising phase
3 data, which failed to significantly extend OS.5,6,16 These failures highlight the need to optimize the use of imaging as a surrogate tool to better understand the response to novel
therapeutics. To address these needs, a key recommendation
arising from this workshop, with the encouragement of the
FDA, was the development of a set of priorities and action
items including: (i) standardization of the MRI protocol for
multicenter studies; (ii) validating the use of volumetric analysis
of T1 subtraction maps for defining treatment response and
failure for use in drug approval studies; and (iii) subsequent reevaluation of the current RANO criteria with an effort to integrate standardized imaging and quantitative evaluations.
These priorities set forth by the thought leaders in the neurooncology community, the Jumpstarting Brain Tumor Drug
Development Coalition (consisting of the National Brain Tumor
Society [NBTS], Society for Neuro-Oncology [SNO], Musella
Foundation for Brain Tumor Research, Accelerate Brain Cancer
Cure [ABC2]), the FDA, and NCI represent the procedures necessary for validating and building confidence in order to use quantitative imaging surrogates as endpoints in glioblastoma
clinical trials for drugs. Indeed, Dr. Richard Pazdur, Director of
the FDA Office of Hematology and Oncology Products, shared,
“During our participation in the Brain Tumor Endpoints Workshop, we identified standardization of imaging data acquisition
and analysis as a step towards increasing the reliability of radiographic endpoints in brain tumor clinical trials, and improving
the ability to assess the impact of therapies in neuro-oncology.”
The current document outlines the consensus recommendations for a standardized Brain Tumor Imaging Protocol
(BTIP), along with the scientific and practical justifications for
these recommendations, resulting from a series of discussions
between various experts in neuro-oncology neuroimaging for
clinical trials. The recommendations in the current document
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are in direct response to the priorities that resulted from the
workshop in January 2014, and are supported by the RANO
working group.

Need for Imaging Standardization for Better Response
Measures
In multicenter MRI studies, the heterogeneity of MR scanners and
parameters (eg, field strength, gradient system, manufacturer,
sequences) must be considered. It is well known that even
minor differences in hardware or sequence timing may result in
significant changes in image contrast. Lesion contrast is also dependent on the magnetic field strength of the scanner,17,18 with
higher field strengths showing higher contrast-to-noise compared with lower field strength scanners (eg, 3 T vs 1.5 T). Moreover, a variety of MR protocols are commonly used for the same
purpose, further hindering interpretation of imaging results from
different treatment centers in the absence of tight control and
standardization of image acquisition parameters.

Leveraging Lessons From the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) Effort to Standardize
Structural MRI Acquisition
Neuroimaging remains at the forefront of medical imaging
technology and research; however, a lack of benchmarked
standard acquisition protocols combined with rapidly evolving
technologies can limit the ability to combine data in a multicenter fashion. This became readily apparent when attempting
to study subtle structural changes in the brain related to degenerative diseases such as Alzheimer’s disease. The subtle differences in acquisition parameters and sequences, along with
variations in MR system technologies and hardware, resulted
in significant measurement discordance across centers, masking the effects of the disease. To standardize image acquisition
to better understand Alzheimer’s disease, the Alzheimer’s Disease Neuroimaging Initiative (ADNI) was launched in October
2004.19,20 This was a landmark effort to standardize brain imaging across clinical centers in the United States and Canada.
ADNI was funded as a large public-private partnership between
the National Institutes of Aging (NIA) and the National Institute
of Biomedical Imaging and Bioengineering (NIBIB) of the
National Institutes of Health (NIH), MR system manufacturers,
several pharmaceutical companies (Pfizer, Wyeth, Eli Lilly,
Merck, GlaxoSmithKline, AstraZeneca, Novartis, Eisai, Elan, Forest Laboratories, Bristol Meyers Squibb), and foundations
(Alzheimer’s Association, Institute for the Study of Aging).
One of the primary, tangible deliverables from ADNI was a
standardized anatomic MRI protocol for accurate and reproducible brain imaging that is uniform across the major MR system
manufacturers.21 The ADNI initiative produced a vendorneutral, standardized, inversion-recovery (IR) prepped volumetric T1-weighted gradient echo sequence for quantification of
volumetric changes in brain structures, and a dual echo,
proton-density T2-weighted turbo spin-echo sequence for
quantifying pathologic changes via estimates of tissue T2.22
The use of T1-weighted and T2-weighted images are critically
important for brain tumor response assessment, as outlined in
the RANO recommendations and discussed further in the
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current document. Since the imaging biomarkers and MRI
pulse sequences of interest in ADNI are very similar to those required for measurement of brain tumor response to therapy,
many of the ADNI recommendations were focused on the
goal of expediting the process of developing a standardized anatomic MRI protocol for brain tumors and avoiding many of the
pitfalls and expenses encountered by ADNI.

Development of MR Image Acquisition Standardization
in the European Organization of Research and
Treatment of Cancer Brain Tumor Group
The European Organization of Research and Treatment of Cancer (EORTC) Brain Tumor Group (BTG) acknowledged the need
for standardization of MR image acquisition in the context of
clinical trials in 2010. A core group of BTG members including
neuroradiologists, neuro-oncologists and, MR physicists, with
support from EORTC headquarters, developed both a basic
and an advanced MR protocol. The basic protocol consisted of
the core imaging sequences required to assess treatment response according to the RANO criteria, (ie, T1- and T2-weighted
sequences). The basic protocol was deemed mandatory for all
participating sites, while the advanced protocol was to be
adopted by selected sites only. For both protocols, a balance
was sought between feasibility and image quality. Since the
protocol was required to be implemented in all participating
sites throughout Europe, it needed to be feasible both in
terms of available equipment and scan time. The main issue
encountered when trying to implement this protocol was that
sites were traditionally not selected on the basis of imaging facilities but rather on their ability to recruit and enroll patients in
clinical trials. Radiologists are not commonly involved in the impeding EORTC trials, and generally no funding for any additional
scan time is available in investigator-initiated trials. The protocol therefore needed to fit seamlessly into the clinical routine,
while ensuring sufficient image quality. The development
phase was concluded in 2012, after which the protocols were
implemented in 2 newly opened trials: EORTC-26101 and
EORTC-26091 (TAVAREC). General acceptance of the protocol
was high, and only one site indicated that they would be unable
to adhere to the protocol. After the initial rollout phase, major
protocol violations were reduced markedly to less than 10%.
The excellent adherence indicates that the protocol could be
implemented into the clinical routine without losing sites for recruitment, with a pragmatic but rigorous quality assurance
mechanism in place (which is crucial in this setting). The BTIP
described in the current document has drawn from the
EORTC-BTG experience, and care has been taken to maintain
the same level of feasibility.

Philosophical Considerations and Compromises
During the course of discussions with panel experts, many philosophical concepts and approaches were considered, resulting
in specific notable compromises. The concept of an “ideal” or
“optimized” protocol is elusive and ill-defined in terms of the required performance measures used for optimization. Instead, a
pragmatic approach was considered, striving for a balance between an ideal protocol, which may be available only on select
high-performance systems or at state-of-the-art academic
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centers, and a protocol that could reach large-scale compliance and acceptance from the community, including international participants. The goal of the initiative was not only to
define a protocol for trials with reimbursement for imaging by
the sponsor but also for use in investigator-initiated trials without funding or even in daily practice. Thus the suggested protocol needs to approach that used in clinical practice in terms of
examination time and types of sequences. The concept of
tightly controlling acquisition parameters to limit variability
was felt to be desirable; however, this clearly must be balanced
against the practicality of employing such regulations at the
large numbers of centers with variable imaging capabilities.
With MR systems currently in use at large institutions dating
back more than 20 years, a degree of flexibility was desired in
order to allow these centers to still be involved in future clinical
trials without significantly affecting image quality or performance. In short, perfect can be the enemy of good enough,
and what is required here is an MRI protocol that is both adequate in terms of quality and feasibility at the majority of institutions. Additionally, we attempted to think progressively and
consider aspects related to the future of imaging response assessment, namely the potential use of volumetry (compared
with current bidirectional assessments) for determining response, duration of response, and the potential for quantifying
subclinical measures of tumor response including growth kinetics, use of T1 subtraction maps (compared with current evaluations on postcontrast T1-weighted images) to increase lesion
conspicuity and more accurately quantify enhancing tumor
burden, and the use of dual echo proton-density/T2-weighted
images for estimating tissue T2 (instead of relying solely on
T2-weightedimages (which are relatively nonspecific for delineating nonenhancing tumor from vasogenic edema). Because
many new and promising pulse sequences may be more widely
available in the future, the panel recommends that the current
protocol serve as a well-needed benchmark for comparison of
future sequences and imaging systems. Any new addition to
the protocol should be evaluated for its potential to improve
treatment evaluation with OS as the key endpoint. Lastly, the
current recommended protocol was designed to obtain necessary content while minimizing total scan time to ideally 30 minutes of actual image acquisition because patient tolerance in
this population can be a challenge, and patient throughput is
a primary concern for most imaging centers.

Recommended MRI Acquisition Protocols
The recommended minimum requirements for MR image acquisition for use in brain tumor clinical trials are outlined in
Table 1. This protocol is applicable to both 1.5 T and 3 T scanners, although some modifications to scan parameters may
be needed to ensure similar signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) in the resulting images. Additional
examples of compliant MR acquisition protocols specific to 3 T
and 1.5 T scanners are found in Tables 2 and 3. The total
amount of actual scan time (image acquisition only) was
benchmarked at approximately 21 minutes and 30 seconds
on a 3 T Siemens Skyra with parallel imaging, suggesting
that the entire acquisition including setup and teardown can
be performed in approximately 30 minutes using current 3 T
systems. Key elements of this protocol include: (i) a precontrast,
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3-dimensional, isotropic, IR-prepped T1-weighted gradient
echo (IR-GRE) sequence; (ii) an axial, 2-dimensional T2-weighted
fluid-attenuated inversion recovery (FLAIR) sequence obtained
using a turbo-spin-echo (TSE) readout; (iii) an axial, 2-dimensional,
3-directional (isotropic) diffusion-weighted imaging (DWI)
sequence obtained using echoplanar (EPI) or radial acquisition;
(iv) an axial, 2-dimensional T2-weighted TSE sequence (dual
echo preferred, but not required); and (v) a postcontrast,
3-dimensional, isotropic, T1-weighted IR-GRE sequence with
matching acquisition parameters to precontrast T1-weighted
images.

Precontrast and Postcontrast Volumetric, IR-Prepared
T1-Weighted Gradient Echo MRI
The use of precontrast and postcontrast images (CT or MRI)
has been the standard for detection, delineation, and response assessment of malignant brain tumors for more
than 60 years. The most aggressive brain tumors are characterized by angiogenesis, and studies have demonstrated a
clear association between neovascularization and increased
malignancy.23,24 This new vasculature is structurally abnormal, resulting in contrast agent leakage from the vascular to
the extravascular, extracellular space and increased conspicuity of lesions on imaging in the general vicinity of active tumor.
T1-weighted MRI sequences, used after administration of a
contrast agent that shortens T1 relaxation time, are the standard for response assessment due to better soft tissue contrast and lack of ionizing radiation with MRI as opposed to
contrast-enhanced CT.
The acquisition of 3-dimensional, isotropic T1-weighted
images allows for potential improvements in response assessment, including detection of smaller lesions, use of volumetric
measurements of enhancing tumor burden, and better alignment of tumor regions on subsequent follow-up examinations.
Data from the literature clearly indicate that volumetric measurements of tumor burden and response are equal to—or better than—1D/2D measurements of tumor extent, especially
with tumors that are irregular in shape such as glioblastoma.13,25 – 32 A higher interobserver variability has been noted
when assessments are made using bidirectional or unidirectional measurements compared with volumetric quantitation.33 – 37 Volumetric changes observed during therapy may
be useful for quantifying trends in tumor growth or response
that provide insight into whether a treatment is having an effect on the tumor despite lack of clear radiographic response
according to the RANO criteria.38 Additionally, a significant limitation of comparisons in tumor size performed on relatively
thick (≏3 –5 mm) 2-dimensional T1-weighted images includes
the effects of slightly different slice prescriptions (eg, different
head tilt) on the ability to properly align similar slices for
side-by-side comparison.39 Acquisition of 3-dimensional isotropic T1-weighted images will provide the ability to easily register
or align images from subsequent follow– up time points to the
baseline scans for more accurate comparison of tumor size.
Also, acquisition of 3-dimensional isotropic T1-weighted images allows for resampling image data along different orientations without the need for additional MR acquisitions (eg, in
the sagittal or coronal planes, which are often desired for surgical and radiation therapy planning).
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Ax 2D FLAIRj

Ax 2D DWI

Ax 2D T2wh,i

3D T1w Postb

IR-GREe,f
Sagittal/axial
3D
2100m
Min
1100n
108– 158
≥172
≥172
≥1
256 mm
≤1.5 mm
0

TSEc
Axial
2D
.6000
100 –140
2000 –2500k
908/≥1608
≥256
≥256
≥1
240 mm
≤4 mml
0

SS-EPIg
Axial
2D
.5000
Min

TSEc
Axial
2D
.2500
80 – 120
908/≥1608
≥256
≥256
≥1
240 mm
≤4 mml
0

IR-GREe,f
Sagittal/axial
3D
2100m
Min
1100n
108– 158
≥172
≥172
≥1
256 mm
≤1.5 mm
0

Up to 2x
5 – 10 min [5:49 for 1 mm
isotropic]

Up to 2x
4 – 8 min [3:22 for 2D
FLAIR]

Up to 2x
4 – 8 min [5:10 for dual
echo]

Up to 2x
5 –10 min [5:49 for 1 mm
isotropic]

908/1808
≥128
≥128
≥1
240 mm
≤4 mml
0
b ¼ 0, 500, 1000 s/mm2 ≥3 directions
Up to 2x
2 –4 min [1:22 for 3 direction DWI and 3
b-values]

Contrast Injectiona

Sequence
Plane
Mode
TR [ms]
TE [ms]
TI [ms]
Flip angle
Frequency
Phase
NEX
FOV
Slice thickness
Gap/spacing
Diffusion optionsp
Parallel imaging
Scan time (approx)
[benchmarked on 3 T Skyra]

3D T1w Preb

Abbreviations: 2DFL, 2-dimensional FLASH (fast low angle shot) gradient recalled echo; 3D, 2-dimensional; A/P, anterior to posterior; ADC, apparent diffusion coefficient; Ax, Axial; DSC,
dynamic susceptibility contrast; DWI, diffusion-weighted imaging; EPI, echo-planar imaging; FLAIR, fluid-attenuated inversion recovery; FOV, field of view; GE-EPI, gradient-echo
echo-planar imaging; IR-GRE, inversion-recovery gradient-recalled echo. MPRAGE, magnetization prepared rapid gradient-echo; NEX, number of excitations or averages; PD, proton
density; R/L, right to left; SS-EPI, single-shot echo-planar imaging; TE, echo time; TI, inversion time; TR, repetition time; TSE, turbo spin-echo.
a
0.1 mmol/kg dose injection with a gadolinium-chelated contrast agent. Use of a power injector is desirable at an injection rate of 3– 5 cc/s.
b
Postcontrast 3D T1-weighted images should be collected with equivalent parameters to precontrast 3D T1-weighted images.
c
TSE ¼ turbo spin-echo (Siemens & Philips) is equivalent to FSE (fast spin-echo; GE, Hitachi, Toshiba).
d
FL2D ¼ 2-dimensional fast low angle shot (FLASH; Siemens) is equivalent to the spoil gradient recalled echo (SPGR; GE) or T1-fast field echo (FFE; Philips), fast field echo (FastFE; Toshiba),
or the radiofrequency spoiled steady state acquisition rewound gradient echo (RSSG; Hitachi). A fast gradient echo sequence without inversion preparation is desired.
e
IR-GRE ¼ inversion-recovery gradient-recalled echo sequence is equivalent to MPRAGE ¼ magnetization prepared rapid gradient-echo (Siemens & Hitachi) and the inversion recovery
spoiled gradient-echo (IR-SPGR or Fast SPGR with inversion activated or BRAVO; GE), 3D turbo field echo (TFE; Philips), or 3D fast field echo (3D Fast FE; Toshiba).
f
A 3D acquisition without inversion preparation will result in different contrast compared with MPRAGE or another IR-prepped 3D T1-weighted sequences and therefore should be avoided.
g
In the event of significant patient motion, a radial acquisition scheme may be used (eg, BLADE [Siemens], PROPELLER [GE], MultiVane [Philips], RADAR [Hitachi], or JET [Toshiba]);
however, this acquisition scheme can cause significant differences in ADC quantification and therefore should be used only if EPI is not an option. Further, this type of acquisition
takes considerably more time.
h
Dual echo PD/T2 TSE is optional for possible quantification of tissue T2. For this sequence, the PD echo is recommended to have a TE , 25 ms.
i
Advanced sequences can be substituted into this time slot, so long as 3D postcontrast T1-weighted images are collected between 4 and 8 minutes after contrast injection.
j
3D FLAIR is an optional alternative to 2D FLAIR, with sequence parameters as follows per EORTC guidelines: 3D TSE/FSE acquisition; TE ¼ 90 –140 ms; TR ¼ 6000– 10 000 ms; TI ¼ 2000–
2500 ms (chosen based on vendor recommendations for optimized protocol and field strength); GRAPPA ≤ 2; fat saturation; slice thickness ≤1.5 mm; orientation sagittal or axial;
FOV ≤ 250 mm ×250 mm; matrix ≥244×244.
k
Choice of TI should be chosen based on the magnetic field strength of the system (eg, TI ≈ 2000 milliseconds for 1.5 T and TI ≈ 2500 milliseconds for 3 T).
l
In order to ensure comparable SNR, older 1.5 T MR systems can use contiguous (no interslice gap) images with 5 mm slice thickness or increase NEX for slice thickness ≤4 mm.
n
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TI ¼ 400– 450 milliseconds for similar contrast.
m
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TR ¼ 5 –15 milliseconds for similar contrast.
p
Older model MR scanners that are not capable of .2 b values should use b ¼ 0 and 1000 s/mm2.
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Table 1. Minimum standard 1.5 T & 3 T MRI protocol
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Table 2. Recommended 3T protocol
Ax 2D FLAIR

Ax 2D DWI

Ax 2D T2w

3D T1w Postb

Sequence
Plane
Mode
TR [ms]
TE [ms]
TI [ms]
Flip angle
Frequency
Phase
NEX
FOV
Slice thickness
Gap/apacing
Diffusion options

IR-GREd,e
Sagittal/axial
3D
2100g
Min
1100h
108– 158
256
256
≥1
256 mm
1 mm
0

TSEc
Axial
2D
.6000
100– 140
2500
908/≥1608
≥256
≥256
≥1
240 mm
3 mm
0

EPIf
Axial
2D
.5000
Min

TSEc
Axial
2D
.2500
80–120
908/≥1608
≥256
≥256
≥1
240 mm
3 mm
0

IR-GREd,e
Axial/sagittal
3D
2100g
Min
1100h
108– 158
256
256
≥1
256 mm
1 mm
0

Parallel imaging
Scan time (approx)

Up to 2x
5 –8 min

Up to 2x
4 –5 min

Up to 2x
3– 5 min

Up to 2x
5 –8 min

908/1808
128
128
≥1
240 mm
3 mm
0
b ¼ 0, 500, and 1000 s/mm2
≥3 directions
Up to 2x
3 –5 min

Contrast Injection

a

3D T1w Pre

Abbreviations: 3D, 3-dimensional; ADC, apparent diffusion coefficient; A/P, anterior to posterior; Ax, Axial; DWI, diffusion-weighted imaging; EPI,
echo-planar imaging; FLAIR, fluid-attenuated inversion recovery; FOV, field of view; IR-GRE, inversion-recovery gradient-recalled echo. MPRAGE,
magnetization-prepared rapid gradient-echo; NEX, number of excitations or averages; R/L, right to left; TSE, turbo spin-echo.
a
0.1 mmol/kg or up to 20 cc (single, full dose) of MR contrast.
b
Postcontrast 3D axial T1-weighted images should be collected with identical parameters to precontrast 3D axial T1-weighted images.
c
TSE ¼ turbo spin-echo (Siemens & Philips) is equivalent to FSE (fast spin-echo; GE, Hitachi, Toshiba).
d
IR-GRE ¼ inversion-recovery gradient-recalled echo sequence is equivalent to MPRAGE ¼ magnetization prepared rapid gradient-echo (Siemens &
Hitachi) and the inversion recovery spoiled gradient-echo (IR-SPGR or Fast SPGR with inversion activated or BRAVO; GE), 3D turbo field echo (TFE;
Philips), or 3D fast field echo (3D Fast FE; Toshiba).
e
A 3D acquisition without inversion preparation will result in different contrast compared with MPRAGE or another IR-prepped 3D T1-weighted
sequences and therefore should be avoided.
f
In the event of significant patient motion, a radial acquisition scheme may be used (eg, BLADE [Siemens], PROPELLER [GE], MultiVane [Philips],
RADAR [Hitachi], or JET [Toshiba]); however, this acquisition scheme is can cause significant differences in ADC quantification and therefore should
be used only if EPI is not an option.
g
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TR ¼ 5 –15 milliseconds for similar contrast.
h
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TI ¼ 400–450 milliseconds for similar contrast.

Three-dimensional IR-GRE, including MPRAGE or IR-SPGR, is
the most commonly used sequence for fast, 3-dimensional
evaluation of tumor burden and has been studied extensively
as a clinical tool in neuro-oncology for nearly 20 years.40 – 44
The use of inversion preparation provides superior gray
matter-to-white matter image contrast as well as significant
enhancement of vascular structures; however, there is concern
that inversion preparation may reduce the amount of lesion conspicuity. We considered potential use of 3-dimensional sequences without inversion preparation but felt the use of IR-GRE
sequences was warranted given their current widespread use
and extensive literature substantiating their clinical utility. Thus,
we recommend 3-dimensional isotropic T1-weighted IR-GRE acquisition, which is available on almost all MR systems as part of
the standardized ADNI protocol, and agreement with previous
ACRIN, Alliance, and EORTC imaging guidelines for brain tumor
clinical trials.
We also considered the potential use of a 3-dimensional
turbo spin-echo (TSE) acquisition (eg, SPACE [Siemens] or
CUBE [General Electric]) instead of GRE, which studies have
suggested may provide a higher CNR between enhancing

Neuro-Oncology

tumor and background tissues.45 An inherent drawback of
3-dimensional GRE acquisition is the hyperintensity of blood
vessels after contrast agent injection, which may make tumor
segmentation more difficult due to increased signal from normal vasculature. The use of 3-dimensional TSE with motionsensitized driven-equilibrium preparation has been shown to
overcome this limitation by suppressing signal from blood.46
Despite the potential advantages of 3-dimensional TSE over
GRE, this sequence is not available on all MR systems, may require additional costs to purchase these sequences, and the
specific pulse sequences are not necessarily standardized
across vendors. Thus, we recommend 3-dimensional isotropic
T1-weighted images using a GRE acquisition, available on almost all MR systems as part of the standardized ADNI protocol
and in agreement with previous ACRIN, Alliance, and EORTC imaging guidelines for brain tumor clinical trials.
The use of precontrast and postcontrast T1-weighted images with matched sequence parameters also allows for use of
contrast-enhanced T1-weighted subtraction for tumor visualization and quantification of enhancing tumor. By subtracting
the voxel intensities obtained on precontrast T1-weighted
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Table 3. Recommended 1.5T protocol
Ax 2D FLAIR

Ax 2D DWI

Ax 2D T2w

3D T1w Postb

Sequence
Plane
Mode
TR [ms]
TE [ms]
TI [ms]
Flip angle
Frequency
Phase
NEX
FOV
Slice thickness
Gap/spacing
Diffusion optionsi

IR-GREd,e
Sagittal/axial
3D
2100g
Min
1100h
108– 158
≥172
≥172
≥1
256 mm
≤1.5 mm
0

TSEc
Axial
2D
.6000
100– 140
2200
908/≥1608
≥256
≥256
≥1
240 mm
≤4 mm
0

EPIf
Axial
2D
.5000
Min

TSEc
Axial
2D
.3500
100–120
908/≥1608
≥256
≥256
≥1
240 mm
≤4 mm
0

IR-GREd,e
Sagittal/axial
3D
2100g
Min
1100h
108– 158
≥172
≥172
≥1
256 mm
≤1.5 mm
0

Parallel imaging
Scan time (approximate)

No
5– 10 min

Up to 2x
4– 5 min

Up to 2x
3 –5 min

No
5 –10 min

908/1808
128
128
≥1
240 mm
≤4 mm
0
b ¼ 0, 500, and 1000 s/mm2
≥3 directions
Up to 2x
3 –5 min

Contrast Injectiona

3D T1w Pre

Abbreviations: 3D, 3-dimensional; A/P, anterior to posterior; ADC, apparent diffusion coefficient; Ax, axial; DWI, diffusion-weighted imaging; EPI,
echo-planar imaging; FLAIR, fluid-attenuated inversion recovery; FOV, field of view; IR-GRE, inversion-recovery gradient-recalled echo; MPRAGE,
magnetization prepared rapid gradient-echo; NEX, number of excitations or averages; R/L, right to left; TSE, turbo spin-echo.
a
0.1 mmol/kg or up to 20 cc (single, full dose) of MR contrast.
b
Postcontrast 2D axial T1-weighted images should be collected with identical parameters to precontrast 2D axial T1-weighted images.
c
TSE ¼ turbo spin-echo (Siemens & Philips) is equivalent to FSE (fast spin-echo; GE, Hitachi, Toshiba).
d
IR-GRE ¼ inversion-recovery gradient-recalled echo sequence is equivalent to MPRAGE ¼ magnetization prepared rapid gradient-echo (Siemens
and Hitachi) and the inversion recovery spoiled gradient-echo (IR-SPGR or Fast SPGR with inversion activated or BRAVO; GE), 3D turbo field echo (TFE;
Philips), or 3D fast field echo (3D Fast FE; Toshiba).
e
A 3D acquisition without inversion preparation will result in different contrast compared with MPRAGE or another IR-prepped 3D T1-weighted
sequences and therefore should be avoided.
f
In the event of significant patient motion, a radial acquisition scheme may be used (eg, BLADE [Siemens], PROPELLER [GE], MultiVane [Philips],
RADAR [Hitachi], or JET [Toshiba]); however, this acquisition scheme can cause significant differences in ADC quantification and therefore should be
used only if EPI is not an option.
g
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TR ¼ 5 –15 milliseconds for similar contrast.
h
For Siemens and Hitachi scanners. GE, Philips, and Toshiba scanners should use a TI ¼ 400–450 milliseconds for similar contrast.
i
Older model MR scanners that are not capable of .2 b-values should use b ¼ 0 and 1000 s/mm2.

images from postcontrast T1-weighted images, contrast agent
accumulation can be more easily identified and quantified. This
technique has been used in conjunction with MRI for brain tumors starting in the early 1990s, when Suto et al47 and Lloyd
et al48 demonstrated the ability to identify enhancing tumors
in the presence of blood products. Subsequent studies over
the next few decades have further established the added
value of T1-weighted subtraction maps for lesion evaluation
during standard therapies, and a recent study clearly demonstrated that enhancing tumor could be better identified on
T1-weighted subtraction maps during antiangiogenic therapy,49 where vascular permeability is markedly reduced. Additionally, T1-weighted subtraction maps have been shown to
reduce the interobserver variability in lesion volume quantification, even in the presence of antiangiogenic therapies,14
suggesting that evaluation of tumor response may be significantly improved through the use of T1-weighted subtraction
techniques.
Ranges of sequence parameters were chosen for volumetric
T1-weighted images based on known scanner and time
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limitations. An isotropic resolution of 1 mm × 1 mm ×1 mm is
recommended with full brain coverage (field-of-view of
25.6 cm), but this may not be possible with older MR systems
or with adequate SNR at 1.5 T. Therefore, we recommend
acquiring volumetric T1-weighted images with a maximum resolution of 1.5 mm× 1.5 mm× 1.5 mm, particularly for scanners
at 1.5 T. Additionally, sagittal image acquisition is recommended
over axial acquisition because sagittal acquisition is faster due to
fewer required slices moving from left-to-right, although postcontrast flow artifacts have occasionally been observed.
Although standard 3-dimensional T1-weighted GRE sequences
are preferred (eg, MPRAGE [Siemens & Hitachi] or IR-SPGR
[GE]), faster volumetric T1-weighted GRE sequences with internal
motion compensation may also be used under similar acquisition parameters to reduce artifacts (eg, BRAVO [GE] or VIBE
[Siemens]). Additional scan parameters and details are documented in Table 1.
Institutions may desire to collect postcontrast T1-weighted
images according to their own protocols in addition to the recommended 3-dimensional isotropic T1-weighted images (eg,
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2-dimensional, fat-saturated, T1-weighted TSE images). For
compliance with the proposed protocol, we recommend that additional postcontrast sequences be acquired after 3-dimensional,
postcontrast T1-weighted images in order to ensure consistency
in terms of the timing of contrast agent injection and acquisition
of postcontrast T1-weighted images.

Use of Contrast Agents and Consistency of MR Scanners
Consistency in MR scanning hardware, software, contrast agent
dose, and contrast agent composition is absolutely imperative
for maximizing accurate and reproducible serial measurements
of tumor size. Patients involved in clinical trials should be
scanned on the same physical MRI scanner during routine
follow-up examinations to the extent that this is both economically and technically feasible. If this ideal recommendation is
not achievable, patients should at the very least be scanned
on MRI scanners with the same field strength. Although it
may be difficult to control the specific contrast agent used for
clinical trials, it is critical to use contrast agents with the same
chemical composition at each follow-up evaluation as baseline
to limit potential variability arising from differences in contrast
agent relaxivity (the amount of MR relaxation effects for a given
concentration of contrast agent). Additionally, the precise dose
and agent should be explicitly documented on the MR system
during acquisition or labeled in the DICOM header (eg, Contrast_BolusAgent (0018,0010) ¼ 1.5 cc Gadovist).

Axial, 2-Dimensional, T2-Weighted Turbo Spin-echo
(Optional Dual-Echo Proton-Density/T2-Weighted TSE)
MRI
50

Damadian documented distinct differences in proton relaxation
rates between normal and cancerous tissues as early as 1971,
which were subsequently confirmed by various groups.51 – 53 Clinical diagnoses and monitoring of the nonenhancing tumor are
often performed using T2-weighted images. Approximately
30%–40% of brain tumor patients exhibit nonenhancing tumor
progression prior to changes in contrast enhancement,32 and
some studies have described nonenhancing tumor growth and
infiltration prior to emergence of contrast-enhancing progressive
disease during antiangiogenic therapy.54 Further, T2 hyperintense
lesions are currently used to assess tumor burden in nonenhancing, low-grade glioma clinical trials. Therefore, use of T2-weighted
images in the proposed protocol is recommended for all clinical
brain tumor trials.
The protocol recommended for T2-weighted imaging was
based on the parameters from ADNI as well as ACRIN, Alliance,
and EORTC guidelines in existing trials. The recommended slice
thickness for 3 T scans is 3 mm with no interslice gap, and 1.5 T
scanners should acquire images up to 4 mm slice thickness with
no interslice gap. (Older scanners still in operation may be allowed
to acquire data up to a maximum of 5 mm slice thickness [contiguous] or increase the number of averages with slice thicknesses
≤4 mm to ensure comparable SNR to other T2-weighted images
acquired with newer systems; however, this should be avoided if
possible.) The recommended echo train length (ETL) is between 8
and 16, since an increase in ETL both accelerates acquisition and
increases inaccuracies55 associated with T2 mapping when using
dual echo TSE to estimate tissue T2.

Neuro-Oncology

Timing of Contrast Agent Injection and Postcontrast
T1-weighted Images
A high CNR between tumor and surrounding tissue is critical for
precise measurement of tumor size. In addition to differences
in sequences and sequence parameters,56 the timing of contrast injection and acquisition of subsequent postcontrast
T1-weighted images can also lead to variability in tumor size
estimation. Dynamic contrast-enhanced imaging has shown
that the maximum contrast agent uptake typically occurs
and stabilizes between 4 and 8 minutes after contrast agent
application,57 suggesting that this may be the most effective
window for acquiring postcontrast T1-weighted images for
minimal variability in lesion size estimation caused by the timing of contrast agent administration. It is important to note
that one inherent limitation to implementing a minimal time
delay constraint is the preferential sensitivity to regions of the
tumor with higher vascular permeability and/or blood flow. To
standardize the minimal time between contrast agent injection
and acquisition of postcontrast T1-weighted images, we recommend acquiring T2-weighted images after injection and
just prior to postcontrast T1-weighted images. Presumably,
T2-weighted images utilizing spin-echo or TSE acquisitions
should be relatively insensitive to the presence of contrast
agent in the vasculature, assuming transient changes have already occurred (ie, assuming it is not during the first pass of the
bolus injection), such that RANO interpretation and volumetric
segmentation of T2-hyperintense regions should be minimally
impacted.

Axial, 2-Dimensional, T2-Weighted Fluid-Attenuated
Inversion Recovery) MRI
T2-weighted fluid-attenuated inversion recovery (FLAIR) MRI
uses a combination of T1- and T2-weighting to suppress the signal originating from bulk fluid including cerebrospinal fluid.
T2-weighted FLAIR techniques increase lesion conspicuity, allowing for better visualization of vasogenic edema, surgery-induced
and radiation- induced gliosis and infiltrating tumor, particularly
near the cortex and ventricles where cerebrospinal fluid can inhibit lesion detection. Additionally, T2-weighted FLAIR sequences
(or T2-weighted images) are recommended for determination of
nonenhancing tumor progression using RANO criteria.
The preferred protocol for T2-weighted FLAIR imaging was
based on guidelines from the EORTC, ACRIN, and Alliance. Similar to T2-weighted MRI, the recommended slice thickness for
3 T scans is 3 mm with no interslice gap, and 1.5 T scanners
should acquire images up to 4 mm slice thickness with no interslice gap. Older scanners still in operation may be allowed to
acquire data up to a maximum of 5 mm slice thickness (contiguous) or increase the number of averages with slice thicknesses
≤4 mm to ensure comparable SNR to other T2-weighted FLAIR
images acquired with newer systems. Also note that T2-weighted
FLAIR MR images have intrinsically less SNR compared with
standard T2-weighted MR images. The recommended ETL for
T2-weighted FLAIR images is between 8 and 16.
Three-dimensional T2-weighted FLAIR techniques are commonly used on newer MR systems but may not be available on
all MR systems. A 3-dimensional acquisition allows for slice reorientation in all 3 anatomical planes, the potential for
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quantification of T2-hyperintense lesion volumes, and less sensitivity to flow artifacts compared with 2D sequences. Given
that 3-dimensional acquisition is not universally available, the
use of this technique, while strongly endorsed, is optional. Protocols or studies considering the use of 3D FLAIR should use the
EORTC-recommended parameters listed in the footnotes in
Table 1.

Axial 2-Dimensional Diffusion-Weighted Imaging
Diffusion-sensitive MR techniques are routinely acquired as part
of standard brain MRI protocols, primarily due to the high sensitivity to early ischemic injury as well as infection/abscess. DWI
is sensitive to microscopic, subvoxel water motion, resulting in
relatively restricted diffusion in areas of tumor due to tightly
packed tumor cells. Measures of the apparent diffusion coefficient (ADC) can be estimated from the DWI data, reflecting the
general magnitude of water motion. In brain tumors, ADC has
been shown to be a surrogate for cellularity in certain circumstances, with ADC inversely correlated with tumor cell density,58 – 61 suggesting that DWI measures of ADC may be a
useful biomarker for quantifying treatment response.62
The recommended DWI protocol for routine evaluations is
largely based on the EORTC, ACRIN, and Alliance-recommended
protocols as well as the International Society for Magnetic
Resonance in Medicine and NCI consensus recommendations
from 2008.62 Specifically, we recommend that 3 b-values be
collected, one at b ¼ 0 s/mm2 (no diffusion weighting), one
mid-range b-value of 500 s/mm2, and one higher b-value at
b ¼ 1000 s/mm2. These images should be collected in at least
3 directions (ie, x, y, and z orientations with respect to the MR
system frame of reference). Older MR scanners that are not capable of obtaining 3 or more unique b-values should use b ¼ 0
and b ¼ 1000 s/mm2. The high b-value for routine DWI in clinical trials should be limited to b ¼ 1000 s/mm2, resulting in a
relative signal intensity of 37% of available MR signal if tissue
has an ADC of 1 mm2/millisecond, commonly associated with
mean diffusivity of normal white matter. The recommended
slice thickness for 3 T scans is 3 mm with no interslice gap,
and 1.5 T scanners should acquire images up to 4 mm slice
thickness with no interslice gap. Older scanners still in operation
may be allowed to acquire data up to a maximum of 5 mm
slice thickness (contiguous) or increase the number of averages
with slice thicknesses ≤4 mm to ensure comparable SNR echoplanar imaging (EPI) should be used when available. In the
event of significant patient motion, a radial acquisition scheme
may be used (eg, BLADE [Siemens], PROPELLER [GE], MultiVane
[Philips], RADAR [Hitachi], or JET [Toshiba]); however, this acquisition scheme can cause significant differences in ADC quantification and therefore should be used only if EPI is not an
option. Additionally, radial acquisition techniques may require
considerably more time.

Conclusion
The proposed recommendations for brain tumor MRI acquisition reflect a balance of state-of-the-art imaging technology
with techniques that are practically employable across the majority of imaging centers involved in multicenter clinical trials.
We specifically recommend this protocol for use in multicenter
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clinical trials to reduce variability associated with response assessment, but we also encourage the use of this protocol in
routine clinical practice where it will allow intra-institutional
comparisons. The protocol was designed to allow flexibility in
terms of adding subsequent imaging techniques, such as the
addition of perfusion MRI prior to acquisition of postcontrast
3D T1-weighted images, the addition of susceptibility-weighted
or gradient-echo acquisition before contrast injection, or acquisition of postcontrast, 2D T1-weighted TSE images following
postcontrast 3D T1-weighted image acquisition. The current
recommendations were designed to serve as a benchmark
for comparison to future improvements and evaluations.
The current recommendations solely involve acquisition of
MR images and do not provide guidelines for the clinical interpretation or quantitation of tumor extent for the purposes of
response evaluation. The current protocols were designed to
be flexible and allow for both current RANO evaluations as
well as the potential for future improvements including volumetric analyses.

Funding
Roche/Genentech Research Grant (B.M.E.), Siemens Healthcare
Research Grant (B.M.E.), National Brain Tumor Society Research Grant
(B.M.E.).

Acknowledgments
Additional members of the Jumpstarting Brain Tumor Drug
Development Coalition Imaging Standardization Steering Committee:
Andrew Whitney (Morgan Lewis & Bockius LLP, Philadelphia, PA);
David Sandak (Accelerate Brain Cancer Cure [ABC2], Washington, D.C.);
Al Musella (Musella Foundation, Hewlett, NY); Chas Haynes
(Collaborative Ependymoma Research Network, Dayton, OH); Max
Wallace (Accelerate Brain Cancer Cure [ABC2], Washington, D.C.);
David F. Arons (National Brain Tumor Society [NBTS], Boston, MA); Ann
Kingston (National Brain Tumor Society [NBTS], Boston, MA). The
Jumpstarting Brain Tumor Drug Development Coalition Imaging
Standardization Steering Committee would like to thank Drs. Joohee
Sul and Daniel Krainak at the FDA for their review and input on these
recommendations and this manuscript.

References
1.

Ostrom QT, Gittleman H, Liao P, et al. CBTRUS statistical report:
primary brain and central nervous system tumors diagnosed in
the United States in 2007– 2011. Neuro Oncol. 2014;16(Suppl 4):
iv1–i63.

2.

Weller M, van den Bent M, Hopkins K, et al. EANO guideline for the
diagnosis and treatment of anaplastic gliomas and glioblastoma.
Lancet Oncol. 2014;15(9):e395–e403.

3.

Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma.
N Engl J Med. 2005;352(10):987 –996.

4.

Gilbert MR, Wang M, Aldape KD, et al. Dose-dense temozolomide
for newly diagnosed glioblastoma: a randomized phase III clinical
trial. J Clin Oncol. 2013;31(32):4085– 4091.

5.

Chinot OL, Wick W, Mason W, et al. Bevacizumab plus
radiotherapy-temozolomide for newly diagnosed glioblastoma.
N Engl J Med. 2014;370(8):709– 722.

Downloaded from https://academic.oup.com/neuro-oncology/article-abstract/17/9/1188/1360348
by ETF Bibliothek user
on 30 August 2018

Ellingson et al.: Consensus recommendations for a standardized Brain Tumor Imaging Protocol (BTIP) in clinical trials

6.

Gilbert MR, Dignam JJ, Armstrong TS, et al. A randomized trial of
bevacizumab for newly diagnosed glioblastoma. N Engl J Med.
2014;370(8):699– 708.

24. Wesseling P, van der Laak JA, Link M, et al. Quantitative analysis of
microvascular changes in diffuse astrocytic neoplasms with
increasing grade of malignancy. Hum Pathol. 1998;29(4):352–358.

7.

Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with
concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase III
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol.
2009;10(5):459– 466.

25. Vos MJ, Uitdehaag BM, Barkhof F, et al. Interobserver variability in
the radiological assessment of response to chemotherapy in
glioma. Neurology. 2003;60(5):826 –830.

8.

Weller M, Cloughesy T, Perry JR, et al. Standards of care for
treatment of recurrent glioblastoma – are we there yet? Neuro
Oncol. 2013;15(1):4– 27.

9.

Ellingson BM, Wen PY, van den Bent MJ, et al. Pros and cons of current
brain tumor imaging. Neuro Oncol. 2014;16:(Suppl 7):vii2–vi11.

10.

Wen PY, Cloughesy TF, Ellingson BM, et al. Report of the
Jumpstarting Brain Tumor Drug Development Coalition and FDA
clinical trials neuroimaging endpoint workshop (January 30,
2014, Bethesda MD). Neuro Oncol. 2014;16(Suppl 7):vii36– vii47.

11. Lamborn KR, Yung WK, Chang SM, et al. Progression-free survival:
an important end point in evaluating therapy for recurrent
high-grade gliomas. Neuro Oncol. 2008;10(2):162–170.
12. Macdonald DR, Cascino TL, Schold SC Jr., et al. Response criteria for
phase II studies of supratentorial malignant glioma. J Clin Oncol.
1990;8(7):1277– 1280.
13. Provenzale JM, Ison C, Delong D. Bidimensional measurements in
brain tumors: assessment of interobserver variability. AJR Am J
Roentgenol. 2009;193(6):W515– W522.
14.

Ellingson BM, Bendszus M, Sorensen AG, et al. Emerging
techniques and technologies in brain tumor imaging. Neuro
Oncol. 2014;16(Suppl 7):vii12 –vii23.

15.

Reardon DA, Ballman KV, Buckner JC, et al. Impact of imaging
measurements on response assessment in glioblastoma clinical
trials. Neuro Oncol. 2014;16(Suppl 7):vii24 –vii35.

16.

Stupp R, Hegi ME, Gorlia T, et al. Cilengitide combined with
standard treatment for patients with newly diagnosed
glioblastoma with methylated MGMT promoter (CENTRIC EORTC
26071 – 22072 study): a multicentre, randomised, open-label,
phase 3 trial. Lancet Oncol. 2014;15(10):1100–1108.

17. Akeson P, Vikhoff B, Stahlberg F, et al. Brain lesion contrast in MR
imaging. Dependence on field strength and concentration of
gadodiamide injection in patients and phantoms. Acta Radiol.
1997;38(1):14– 18.

26.

Dempsey MF, Condon BR, Hadley DM. Measurement of tumor
“size” in recurrent malignant glioma: 1D, 2D, or 3D? AJNR Am J
Neuroradiol. 2005;26(4):770– 776.

27.

Chow KL, Gobin YP, Cloughesy T, et al. Prognostic factors in
recurrent glioblastoma multiforme and anaplastic astrocytoma
treated with selective intra-arterial chemotherapy. AJNR Am J
Neuroradiol. 2000;21(3):471– 478.

28.

Reeves GI, Marks JE. Prognostic significance of lesion size for
glioblastoma multiforme. Radiology. 1979;132(2):469– 471.

29.

Wood JR, Green SB, Shapiro WR. The prognostic importance of
tumor size in malignant gliomas: a computed tomographic scan
study by the Brain Tumor Cooperative Group. J Clin Oncol. 1988;
6(2):338–343.

30. Warren KE, Patronas N, Aikin AA, et al. Comparison of one-, two-,
and three-dimensional measurements of childhood brain tumors.
J Natl Cancer Inst. 2001;93(18):1401– 1405.
31.

Galanis E, Buckner JC, Maurer MJ, et al. Validation of
neuroradiologic response assessment in gliomas: measurement
by RECIST, two-dimensional, computer-assisted tumor area, and
computer-assisted tumor volume methods. Neuro Oncol. 2006;
8(2):156–165.

32.

Gallego Perez-Larraya J, Lahutte M, Petrirena G, et al. Response
assessment in recurrent glioblastoma treated with irinotecanbevacizumab: comparative analysis of the Macdonald, RECIST,
RANO, and RECIST + F criteria. Neuro Oncol. 2012;14(5):667–673.

33. Hopper KD, Kasales CJ, Van Slyke MA, et al. Analysis of interobserver
and intraobserver variability in CT tumor measurements. AJR Am J
Roentgenol. 1996;167(4):851–854.
34.

Lavin PT, Flowerdew G. Studies in variation associated with the
measurement of solid tumors. Cancer. 1980;46(5):1286–1290.

35.

Quoix E, Wolkove N, Hanley J, et al. Problems in radiographic
estimation of response to chemotherapy and radiotherapy in
small cell lung cancer. Cancer. 1988;62(3):489– 493.

36.

Thiesse P, Ollivier L, Di Stefano-Louineau D, et al. Response rate
accuracy in oncology trials: reasons for interobserver variability.
Groupe Francais d’Immunotherapie of the Federation Nationale
des Centres de Lutte Contre le Cancer. J Clin Oncol. 1997;15(12):
3507– 3514.

18. Nobauer-Huhmann IM, Ba-Ssalamah A, Mlynarik V, et al. Magnetic
resonance imaging contrast enhancement of brain tumors at 3
tesla versus 1.5 tesla. Invest Radiol. 2002;37(3):114– 119.
19.

Mueller SG, Weiner MW, Thal LJ, et al. Ways toward an early
diagnosis in Alzheimer’s disease: the Alzheimer’s Disease
Neuroimaging Initiative (ADNI). Alzheimers Dement. 2005;1(1):
55 –66.

20.

Mueller SG, Weiner MW, Thal LJ, et al. The Alzheimer’s disease
neuroimaging initiative. Neuroimaging Clin N Am. 2005;15(4):
869– 877, xi-xii.

21.

37. Warr D, McKinney S, Tannock I. Influence of measurement error on
assessment of response to anticancer chemotherapy: proposal for
new criteria of tumor response. J Clin Oncol. 1984;2(9):1040–1046.
38.

Jack CR Jr., Bernstein MA, Borowski BJ, et al. Update on the
magnetic resonance imaging core of the Alzheimer’s disease
neuroimaging initiative. Alzheimers Dement. 2010;6(3):212 –220.

Wen PY, Macdonald DR, Reardon DA, et al. Updated response
assessment criteria for high-grade gliomas: response assessment
in neuro-oncology working group. J Clin Oncol. 2010;28(11):
1963–1972.

39.

22. Leow AD, Klunder AD, Jack CR Jr., et al. Longitudinal stability of MRI
for mapping brain change using tensor-based morphometry.
Neuroimage. 2006;31(2):627–640.

Reuter M, Gerstner ER, Rapalino O, et al. Impact of MRI head
placement on glioma response assessment. J Neurooncol. 2014;
118(1):123 – 129.

40.

Brant-Zawadzki M, Gillan GD, Nitz WR. MP RAGE: a
three-dimensional, T1-weighted, gradient-echo sequence--initial
experience in the brain. Radiology. 1992;182(3):769–775.

23. Leon SP, Folkerth RD, Black PM. Microvessel density is a prognostic
indicator for patients with astroglial brain tumors. Cancer. 1996;
77:362–372.

Neuro-Oncology

41. Brant-Zawadzki MN, Gillan GD, Atkinson DJ, et al. Three-dimensional
MR imaging and display of intracranial disease: improvements with

Downloaded from https://academic.oup.com/neuro-oncology/article-abstract/17/9/1188/1360348
by ETF Bibliothek user
on 30 August 2018

1197

Ellingson et al.: Consensus recommendations for a standardized Brain Tumor Imaging Protocol (BTIP) in clinical trials

the MP-RAGE sequence and gadolinium. J Magn Reson Imaging.
1993;3(4):656–662.

53.

42. Fellner F, Holl K, Held P, et al. A T1-weighted rapid three-dimensional
gradient-echo technique (MP-RAGE) in preoperative MRI of
intracranial tumours. Neuroradiology. 1996;38(3):199–206.

Hazlewood CF, Cleveland G, Medina D. Relationship between
hydration and proton nuclear magnetic resonance relaxation
times in tissues of tumor-bearing and non-tumor-bearing mice:
implications for cancer detection. J Natl Cancer Inst. 1974;52(6):
1849 –1853.

43.

Runge VM, Kirsch JE, Thomas GS, et al. Clinical comparison of
three-dimensional MP-RAGE and FLASH techniques for MR
imaging of the head. J Magn Reson Imaging. 1991;1(4):493 –500.

54. Norden AD, Young GS, Setayesh K, et al. Bevacizumab for recurrent
malignant gliomas: efficacy, toxicity, and patterns of recurrence.
Neurology. 2008;70(10):779–787.

44.

van den Hauwe L, Parizel PM, Van Goethem JW, et al. Clinical
usefulness of contrast-enhanced MP-RAGE of the brain.
Neuroradiology. 1996;38(Suppl 1):S14– S19.

55.

Pai A, Li X, Majumdar S. A comparative study at 3 T of sequence
dependence of T2 quantitation in the knee. Magn Reson
Imaging. 2008;26(9):1215–1220.

45.

Downs RK, Bashir MH, Ng CK, et al. Quantitative contrast ratio
comparison between T1 (TSE at 1.5 T, FLAIR at 3 T), magnetization
prepared rapid gradient echo and subtraction imaging at 1.5 T and
3 T. Quant Imaging Med Surg. 2013;3(3):141–146.

56.

Wintersperger BJ, Runge VM, Biswas J, et al. Brain tumor
enhancement in MR imaging at 3 Tesla: comparison of SNR and
CNR gain using TSE and GRE techniques. Invest Radiol. 2007;
42(8):558–563.

46.

Nagao E, Yoshiura T, Hiwatashi A, et al. 3D turbo spin-echo
sequence with motion-sensitized driven-equilibrium preparation
for detection of brain metastases on 3 T MR imaging. AJNR Am J
Neuroradiol. 2011;32(4):664– 670.

57.

Akeson P, Nordstrom CH, Holtas S. Time-dependency in brain
lesion enhancement with gadodiamide injection. Acta Radiol.
1997;38(1):19 –24.

58.

Ellingson BM, Malkin MG, Rand SD, et al. Validation of
functional diffusion maps (fDMs) as a biomarker for human
glioma cellularity. J Magn Reson Imaging. 2010;31(3):
538 – 548.

59.

Sugahara T, Korogi Y, Kochi M, et al. Usefulness of diffusionweighted MRI with echo-planar technique in the evaluation
of cellularity in gliomas. J Magn Reson Imaging. 1999;9(1):
53 – 60.

60.

47. Suto Y, Caner BE, Tamagawa Y, et al. Subtracted synthetic images in
Gd-DTPA enhanced MR. J Comput Assist Tomogr. 1989;13(5):925–928.
48. Lloyd GA, Barker PG, Phelps PD. Subtraction gadolinium enhanced
magnetic resonance for head and neck imaging. Br J Radiol. 1993;
66(781):12 –16.
49.

Ellingson BM, Kim HJ, Woodworth DC, et al. Recurrent glioblastoma treated with bevacizumab: contrast-enhanced T1-weighted
subtraction maps improve tumor delineation and aid prediction of
survival in a multicenter clinical trial. Radiology. 2014;271(1):200–210.

50.

Damadian R. Tumor detection by nuclear magnetic resonance.
Science. 1971;171(3976):1151–1153.

Chenevert TL, Stegman LD, Taylor JM, et al. Diffusion magnetic
resonance imaging: an early surrogate marker of therapeutic
efficacy in brain tumors. J Natl Cancer Inst. 2000;92(24):
2029– 2036.

51.

Weisman ID, Bennett LH, Maxwell LR Sr., et al. Recognition of
cancer in vivo by nuclear magnetic resonance. Science. 1972;
178(4067):1288 –1290.

61. Guo AC, Cummings TJ, Dash RC, et al. Lymphomas and high-grade
astrocytomas: comparison of water diffusibility and histologic
characteristics. Radiology. 2002;224(1):177–183.

52. Hollis DP, Economou JS, Parks LC, et al. Nuclear magnetic resonance
studies of several experimental and human malignant tumors.
Cancer Res. 1973;33(9):2156–2160.

1198

62.

Padhani AR, Liu G, Koh DM, et al. Diffusion-weighted magnetic
resonance imaging as a cancer biomarker: consensus and
recommendations. Neoplasia. 2009;11(2):102– 125.

Downloaded from https://academic.oup.com/neuro-oncology/article-abstract/17/9/1188/1360348
by ETF Bibliothek user
on 30 August 2018

