Received: 31 December 2021 Revised: 26 February 2022 Accepted: 2 March 2022 Published on: 22 April 2022

DOI: 10.1002/mrm.29241

GUIDELINES Magnetic Resonance in Medicine

Review and consensus recommendations on clinical
APT-weighted imaging approaches at 3T: Application to
brain tumors

Jinyuan Zhou'® | Moritz Zaiss?>3 | Linda Knutsson'*°® | Phillip Zhe Sun® |

Sung Soo Ahn’ | Silvio Aime® | Peter Bachert>'? | Jaishri O. Blakeley!! |

Kejia Cai'? | Michael A. Chappell'>!* | Min Chen! | Daniel F. Gochberg!617:13 |
Steffen Goerke’® | Hye-Young Heo'® | Shanshan Jiang! | Tao Jin®® |

Seong-Gi Kim?® | John Laterra'?! | Daniel Paech???3® | Mark D. Pagel?*® |

Ji Eun Park?® | Ravinder Reddy?$ | Akihiko Sakata?’ | Sabine Sartoretti-Schefer?® |
A. Dean Sherry?*3? | Seth A. Smith'¢!731 | Greg J. Stanisz3? | Pia C. Sundgren333+35 |
Osamu Togao*® | Moriel Vandsburger®’® | Zhibo Wen3® | Yin Wu**® | Yi Zhang*'® |
Wenzhen Zhu*! | Zhongliang Zu'®'7® | Peter C. M. van Zijl'*

IDivision of MR Research, Department of Radiology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

2Magnetic Resonance Center, Max Planck Institute for Biological Cybernetics, Tiibingen, Germany

3Institute of Neuroradiology, University Hospital Erlangen, Friedrich-Alexander Universitit Erlangen-Niirnberg, Erlangen, Germany
“Department of Medical Radiation Physics, Lund University, Lund, Sweden

°F.M. Kirby Research Center for Functional Brain Imaging, Hugo W. Moser Research Institute at Kennedy Krieger, Baltimore, Maryland, USA
®Yerkes Imaging Center, Yerkes National Primate Research Center, Emory University, Atlanta, Georgia, USA

"Department of Radiology and Research Institute of Radiological Science, Yonsei University College of Medicine, Seoul, South Korea
8Molecular Imaging Center, Department of Molecular Biotechnology and Health Sciences, University of Torino, Torino, Italy

“Department of Medical Physics in Radiology, German Cancer Research Center, Heidelberg, Germany

10Faculty of Physics and Astronomy, University of Heidelberg, Heidelberg, Germany

Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

2Department of Radiology, University of Illinois at Chicago, Chicago, Illinois, USA

3Mental Health and Clinical Neurosciences and Sir Peter Mansfield Imaging Centre, School of Medicine, University of Nottingham, Nottingham, UK
Nottingham Biomedical Research Centre, Queen’s Medical Centre, University of Nottingham, Nottingham, UK

15Department of Radiology, Beijing Hospital, National Center of Gerontology, Beijing, China

16Vanderbilt University Institute of Imaging Science (VUIIS), Vanderbilt University Medical Center, Nashville, Tennessee, USA

"Department of Radiology and Radiological Sciences, Vanderbilt University Medical Center, Nashville, Tennessee, USA

18Department of Physics, Vanderbilt University, Nashville, Tennessee, USA

YDepartment of Radiology, University of Pittsburgh, Pittsburgh, Pennsylvania, USA

2 Center for Neuroscience Imaging Research, Institute for Basic Science and Department of Biomedical Engineering, Sungkyunkwan University,
Suwon, South Korea

Z'Hugo W. Moser Research Institute at Kennedy Krieger, Baltimore, Maryland, USA
2Department of Radiology, German Cancer Research Center, Heidelberg, Germany
B(Clinic for Neuroradiology, University Hospital Bonn, Bonn, Germany

24Department of Cancer Systems Imaging, The University of Texas MD Anderson Cancer Center, Houston, Texas, USA

The CEST 2020 APTw Imaging Subgroup members: Jinyuan Zhou, Moritz Zaiss, Linda Knutsson, Phillip Zhe Sun, and Peter C.M. van Zijl.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf of International Society for Magnetic Resonance in Medicine.

546 wileyonlinelibrary.com/journal/mrm Magn Reson Med. 2022;88:546-574.


https://orcid.org/0000-0002-6684-7920
https://orcid.org/0000-0002-4263-113X
https://orcid.org/0000-0003-4872-1192
https://orcid.org/0000-0002-0684-2423
https://orcid.org/0000-0002-7297-2015
https://orcid.org/0000-0003-2912-3517
https://orcid.org/0000-0001-5755-6833
https://orcid.org/0000-0002-8109-3995
https://orcid.org/0000-0003-4052-205X
https://orcid.org/0000-0002-4323-5083
https://orcid.org/0000-0001-8738-1851
https://orcid.org/0000-0001-7361-7480
http://creativecommons.org/licenses/by-nc-nd/4.0/

ZHOU ET AL.

. . o o 547
Magnetic Resonance in MedlcmeJ—

ZDepartment of Radiology and Research Institute of Radiology, University of Ulsan College of Medicine, Asan Medical Center, Seoul, South Korea
2Center for Advance Metabolic Imaging in Precision Medicine, Department of Radiology, University of Pennsylvania, Philadelphia, Pennsylvania, USA
Y"Department of Diagnostic Imaging and Nuclear Medicine, Kyoto University Graduate School of Medicine, Kyoto, Japan

Bnstitute of Radiology, Kantonsspital Winterthur, Winterthur, Switzerland

2 Advanced Imaging Research Center and Department of Radiology, University of Texas Southwestern Medical Center, Dallas, Texas, USA
30Department of Chemistry and Biochemistry, University of Texas at Dallas, Richardson, Texas, USA

31 Department of Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, USA

32Department of Medical Biophysics, University of Toronto, Toronto, Ontario, Canada

3 Department of Diagnostic Radiology/Clinical Sciences Lund, Lund University, Lund, Sweden

3Lund University Bioimaging Center, Lund University, Lund, Sweden

3 Department of Medical Imaging and Physiology, Skane University Hospital, Lund University, Lund, Sweden

3Department of Molecular Imaging and Diagnosis, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

3"Department of Bioengineering, U.C. Berkeley, Berkeley, California, USA

¥ Department of Radiology, Zhujiang Hospital, Southern Medical University, Guangzhou, Guangdong, China

3Paul C. Lauterbur Research Center for Biomedical Imaging, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen,
Guangdong, China

40Key Laboratory for Biomedical Engineering of Ministry of Education, Department of Biomedical Engineering, College of Biomedical Engineering
and Instrument Science, Zhejiang University, Hangzhou, Zhejiang, China

“IDepartment of Radiology, Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China

Correspondence

Jinyuan Zhou, Division of MR Research,
Department of Radiology, Johns Hopkins
University, 600 N. Wolfe Street, Park
306G, Baltimore, MD 21287, USA.
Email: jzhou2@jhmi.edu

Amide proton transfer-weighted (APTw) MR imaging shows promise as a
biomarker of brain tumor status. Currently used APTw MRI pulse sequences
and protocols vary substantially among different institutes, and there are no
agreed-on standards in the imaging community. Therefore, the results acquired
L . from different research centers are difficult to compare, which hampers uni-
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form clinical application and interpretation. This paper reviews current clinical
APTw imaging approaches and provides a rationale for optimized APTw brain
tumor imaging at 3 T, including specific recommendations for pulse sequences,
acquisition protocols, and data processing methods. We expect that these con-
sensus recommendations will become the first broadly accepted guidelines for
APTw imaging of brain tumors on 3 T MRI systems from different vendors. This
will allow more medical centers to use the same or comparable APTw MRI
techniques for the detection, characterization, and monitoring of brain tumors,
enabling multi-center trials in larger patient cohorts and, ultimately, routine
clinical use.

2019-01162
KEYWORD
APTw standardization, APT-weighted imaging, brain tumor, CEST imaging
used in the field of APTw imaging are listed in Table 1. Data
1 | INTRODUCTION from numerous institutions worldwide have demonstrated

that APTw imaging adds important value to the standard

Amide proton transfer-weighted (APTw) imaging is a
molecular MRI technique that generates image contrast
based on endogenous mobile proteins and peptides in tis-
sue.? As a type of CEST imaging,® the principles and
applications of APTw imaging have been reviewed in
several articles.*?! Key abbreviations and nomenclatures

clinical MRI sequences in brain cancer diagnoses, such as
the detection and grading of tumors,?*3’ the assessment
of treatment effect versus tumor recurrence,*®*** progno-
sis related to tumor progression and survival,*=*® and the
identification of genetic markers.**=¢ It is worth men-
tioning that brain tumor patients require frequent MRI
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exams, and the exposure to gadolinium (Gd)-based con-
trast agents has been indicated as a risk for people with
moderate to advanced kidney failure and for Gd deposi-
tion in the brain.”’->° Although promising, there are sev-
eral remaining challenging issues for clinical APTw imag-
ing.!'-4 These include scanner RF amplifier constraints,
specific absorption rate (SAR) limits, low SNR, long scan
times, a complicated contrast mechanism with multiple
contributions, B; inhomogeneity, and the possibility of
artifacts because of motion, By inhomogeneity, and lipids.

The most concerning issue from a radiologist’s point of
view is that APTw signal intensities depend on the APTw
pulse sequence features and parameters used, which may
lead to differences in image contrast and in interpre-
tation between sites. Currently, there are large varia-
tions in parameters used for APTw imaging in the lit-
erature and, except for 1 Food and Drug Administra-
tion (FDA)-approved product,®%! most vendor sequences
are available only as “work in progress” (WIP) software
(Tables 2 and 3). Differences in data processing strategies
have further complicated the reproducibility and compar-
ison of results between centers. Based on its demonstrated
ability to enhance diagnostic specificity in brain tumor
assessment, there is a need for the clinical APTw imag-
ing community to work together to develop this emerging
technology into an optimized, reproducible, and standard-
ized approach.

Toward this goal, the 7th International Workshop
on CEST Imaging (2018)%* featured a special session to
discuss standardization involving the 3 main MRI ven-
dors (GE Healthcare, Milwaukee, Wisconsin, USA; Philips
Healthcare, Best, Netherlands; Siemens Healthineers,
Erlangen, Germany), illustrating its high priority for this
community. The organizing committee of the 8th Inter-
national Workshop on CEST Imaging (2020)%* established
an APTw Imaging Subgroup to evaluate APTw MRI stan-
dardization for brain tumor imaging. The purpose of this
subgroup was to review the development of clinical APTw
imaging techniques on 3 T MRI scanners and, in collabo-
ration with some of the other leading groups in the field, to
provide consensus recommendations for APTw imaging of
brain tumors. Because different clinical applications may
require a different set of parameters for optimal contrast,
this work is limited to the currently most-used applica-
tion of APTw MRI, namely, the diagnosis of brain tumors
and only for the field strength commonly applied to brain
tumors in the clinical setting, 3 T. Consistent implementa-
tion of these recommendations by MRI vendors will allow
more medical centers, worldwide, to routinely use this
promising technology in their multi-center clinical trials
and in daily clinical practice. This will help to ultimately
achieve biomarker status for APTw MRI contrast in the
assessment of brain tumors at 3 T.

2 | BACKGROUND AND THEORY
The basics of APTw imaging have been explained in sev-
eral previous review articles.*?! Briefly, APTw imaging
is generally obtained by RF saturation labeling of the
water-exchangeable backbone amide proton pool of pro-
teins and peptides, followed by a physical transfer (chem-
ical exchange) of these saturated amide protons to bulk
water protons, resulting in a decrease in their magnetiza-
tion. Theoretically, the CEST effect of amide protons can
be expressed in terms of a so-called amide proton trans-
fer ratio (APTR), a formulation that describes the different
parameters on which the CEST effect depends. Based on
a 2-pool (small solute/amide proton pool, large water pro-
ton pool) slow exchange model with a continuous wave
(CW) RF saturation, and assuming no direct saturation
(DS) effect, this can be expressed as®4%8:

APTR ~ fSkA [1 — e_(RlW+fskswa)Tsat]
le +fskswa
k.
~ fS sw (1 _ e_leTs‘“) , (1)
le

where kg, is the solute-proton to water-proton exchange
rate (tens to hundreds of Hz), o is the solute proton
saturation efficiency, fs is the solute proton population
fraction (f; = [amide proton]/[water proton], [water pro-
ton] = 2 x 55.6 M), Ry, is the longitudinal relaxation rate
of water (R1w = 1/T1w), and T, is the total RF saturation
time (Table 1). It is important to note that Equation (1)
is an idealized expression under several assumptions, and
a more realistic theory must be considered for interpreta-
tion of in vivo effects.%-%® For instance, Equation (1) will
not be exact for the pulse-train pre-saturation introduced
below, which includes both labeling pulses and inter-pulse
delays, but may still provide a reasonable approximation.
Based on Equation (1), the APT effect increases with the
length of the RF saturation time, which should preferably
be approximately or greater than the water T; to produce
a sufficiently large effect.

In tissue, most proteins and peptides are present in
pM concentrations, and all contain multiple backbone
amide protons. The amide proton exchange rate measured
using MR spectroscopy was found to be about 30 Hz in
the original APT paper and has been assumed widely in
APT studies since.! However, MR spectroscopy detects
mainly the slowly exchanging protons, and the amide pro-
ton exchange rate likely has a range of tens to hundreds
of Hz in vivo, as reported in later imaging studies.®®"!
These various amide groups resonate at a similar fre-
quency (around 8.3 ppm in the ' H spectrum, or with an off-
set Aw of +3.5 ppm downfield from the water resonance).
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TABLE 1 Key abbreviations and nomenclature commonly used with APTw imaging

General definitions
APT
APTw
CEST
DS
MTC
Pulse sequence parameters

TR
TE

Trec

Tyt OF Tprep
Tacq

Ccw

I

la

n

DCy

B,

Birms OF Blcwpe
Acquisition terminology

Z-spectrum

Aw
Downfield (+Aw)
Upfield (—Aw)
Ssat (3.5 ppm)
Ssat (—3.5 ppm)
So
2-offset or 3-point APTw MRI
6-offset or 7-point APTw MRI
WASSR
CEST-Dixon method
Data processing terms
MTR
MTR,ym
MTRyym (3.5 ppm)
APTR
MTR 5y, (3.5ppm)

rNOE
MTCsym
Kew OT ki
ks OF kap
fsorfy
Riw OT Ry,

o

Amide proton transfer

Amide proton transfer-weighted
Chemical exchange saturation transfer
Direct water saturation

Magnetization transfer contrast

Repetition time (= Trec + Tsat + Tacq)
Echo time
Magnetization recovery/relaxation delay time before the saturation period

Total RF saturation time or preparation period, which may consist of different combinations of RF
pulses and interpulse delays and during which saturation is applied and transfer occurs

Acquisition time (from excitation through end of acquisition), which may include the lipid
suppression time

Continuous wave

Individual pulse element duration in a pulse train or a pulsed steady state
Interpulse delay

Number of pulse element-delay repetitions

Saturation duty cycle (= t,/[t, + ta])

RF saturation field strength (amplitude)

Root-mean-square or CW-equivalent power/amplitude of a pulse train

Normalized water saturation signal (Sg,./Sp) as a function of frequency offset relative to the water
resonance, downfield and upfield
RF saturation frequency offset relative to the water resonance

At higher resonance frequency, left side of the spectrum (higher ppm)

At lower resonance frequency, right side of the spectrum (lower ppm)

APT-label water signal intensity after saturation

Reference water signal intensity after saturation

Control signal intensity without saturation

Saturation at offsets of +3.5 ppm from water and without saturation

Saturation at offsets of +3, +3.5, and +4 ppm from water and without saturation, for example
Water saturation shift referencing, used to map B, inhomogeneity

An intrinsic ABy mapping method using echo shifts of 3 S, (+3.5 ppm) images

Magnetization transfer ratio (=1 — Sg,t/So)
MTR asymmetry relative to the water frequency positioned at 0 ppm

MTR asymmetry at 3.5 ppm, used in APTw MRI, equal to APTR+MTRgSym(3.5 ppm)
Amide proton transfer ratio

Exchange-relayed NOE of aliphatic protons of mobile macromolecules and inherent asymmetry
of the solid-like MTC effect

Exchange-relayed nuclear Overhauser effect

Inherent asymmetry of the conventional MTC effect
Solute-proton to water-proton exchange rate

Water-proton to solute-proton exchange rate

Solute proton population fraction = [solute proton]/[water proton]
Longitudinal relaxation rate of water = 1/T;y, or 1/Tq,

Solute proton saturation efficiency
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This leads to a large composite resonance in NMR spec-
troscopy that reflects a total accessible amide proton con-
centration of approximately 50-100 mM (hence, justifying
the assumption that f kg, < Riw in Equation [1]).1%°-7! The
magnitude of the APTR effect in vivo resulting from these
protons is typically on the order of a few percent of the
bulk water signal. Although this is a small effect on the
water signal, APTw MRI offers a large detection sensi-
tivity enhancement for metabolites present in millimolar
concentrations.

The sum of all saturation effects at a certain offset
(Aw) is generally described in terms of the magnetization
transfer ratio (MTR):

MTR(Aw) =1 - Z(Aw) = 1 — Sq(Aw)/So,  (2)

where Sg¢ and Sy are, respectively, water signal inten-
sities with and without RF saturation, Aw is the irra-
diation frequency offset using the water frequency as a
0-frequency reference, and Z = Sg,/Sy is the signal inten-
sity in the water saturation spectrum (Z-spectrum). When
performing an APTw experiment in vivo, DS and conven-
tional semi-solid magnetization transfer contrast (MTC)”?
effects will interfere with the measurement (Figure 1).
APTw imaging is usually quantified in terms of an MTR
asymmetry (MTR,eym) analysis with respect to the water
frequency (0 ppm in the Z-spectrum) at an offset of
+3.5 ppm!%:

MTR,5ym(3.5ppm) = MTR(+3.5ppm) — MTR(-3.5ppm)
= Z(—3.5ppm) — Z(+3.5ppm)

_ Ssat(—3.5ppm) — Ssat(+3.5ppm)
So

= APTR + MTR}y(3.5ppm), (3)

where MTR}s,(3.5 ppm) includes the exchange-relayed
nuclear Overhauser effect (rNOE) of aliphatic protons in
mobile macromolecules®’*>-7> and the inherent asymme-
try of the conventional semi-solid MTC effect (MTCgym).”®
These and a few other possible contributions are discussed
in the next section. The rNOE in the upfield Z-spectrum
originates from the intramolecular magnetic interaction
between aliphatic and exchangeable protons of mobile
macromolecules, which relays the saturation effect to the
water signal via subsequent exchange. Like APTR, the
rNOE and MTC,gy, contribute in an amount that depends
on the RF parameters used.”” Because of the presence of
other contributions, MTR,sym(3.5 ppm) images are often
called APTw images.?

3 | HISTORY OF THE MECHANISM
AND THE EVOLUTION OF ITS
UNDERSTANDING

Originally, APTw imaging was designed for in vivo imag-
ing of mobile protein content in tumors and pH changes in
tissue during ischemia (because of the strong dependence
of the amide proton exchange rate on pH in the physi-
ological range).!? It exploits the concept that the CEST
mechanism can detect changes in amide proton signals.
These 2 applications are based on early spectroscopy stud-
ies that showed an increased amide proton signal in proton
spectra during ischemia (because of slower exchange)’
and very large amide proton signals in perfused tumor
cells.”®”® These hypotheses were confirmed in vivo where
ischemia experiments in rats at 4.7 T showed a small
decrease in MTR,eym spectra over a chemical shift range of
2.5 to 5 ppm from the water, with the clearest decrease at
3.5 ppm, attributed to reduced pH.! The first in vivo studies
in animal tumor models at the same field and RF settings
showed a broad, increased MTR sy effect ranging from 1.5
to 5 ppm.? In that paper, the signal change over this range
was attributed to backbone amide and other exchange-
able protons, which are typically seen in this range in
high-resolution NMR protein studies and in the MR spec-
tra of perfused cells and brain. Because of the results of MR
spectroscopy, the authors focused on the 3.5 ppm offset.

In early work,? the increased APTw signal in tumors
(relative to normal brain tissue) was attributed to (1) the
increased mobile amide proton concentration in the tumor
associated with the increased concentration of mobile
cytosolic proteins and peptides because of higher cellular-
ity, and (2) the slightly increased amide proton exchange
rate because of marginally higher intracellular pH (<0.1
unit, as reported from phosphorus MR spectroscopy stud-
ies in patients)®°-82 in tumor cells. This has been confirmed
in subsequent studies®*-%® and is consistent with increas-
ing protein concentrations in tumors, as revealed by pro-
teomics®”-%8 and by in vivo MR spectroscopy.®® It has been
reported that solid tumors have an acidic extracellular
pH and a neutral-to-alkaline intracellular pH.%>°! Notably,
reduced acidic extracellular pH in tumors would substan-
tially reduce the amide exchange rate and, therefore, the
contribution of extracellular proteins and peptides. The
intracellular origin is supported by a recent study showing
that there was no correlation between the amide proton
exchange rate and extracellular pH.*?

Over the years, the understanding of the APTw con-
trast mechanism has evolved. Several other possible
effects that may contribute to the APTw hyperinten-
sity in tumors include: (3) reduced semi-solid MTCjyeym
(3.5 ppm) in tumors because their Z-spectra are less asym-
metric than in white matter and gray matter. This effect
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FIGURE 1 (A)Z-spectra and MTR gy, spectra measured from a 9 L rat brain tumor model at 4.7 T (12 days post-implantation, n = 6,
Tsat = 4, B; = 1.3 uT). Tumor: open circles; contralateral normal brain tissue: solid circles. The APT effect is visible as a small resonance at

the offset of 3.5 ppm in the Z-spectrum. The effect is stronger in the tumor than in the contralateral normal region. There is a small difference
between the downfield and upfield semi-solid MTC effects (namely, MTC vs. MTC’) in normal tissue, which is reduced in the tumor.
Reproduced with permission and with some additions from Salhotra et al.'” (B) Z-spectra and MTR,sym spectra of white matter from healthy
subjects (n = 4), obtained at 3 T with 3 different RF saturation strengths and T's,; = 500 ms. The error bars are too small to see clearly. White
matter MTR,ym (3.5 ppm) is roughly 0 at 2 pT. (C) Z-spectra and MTR gy, spectra measured from brain tumor patients at 3T (n = 8,

Tsat = 500 ms, B; = 2 pT). Tumor: open squares; contralateral normal-appearing white matter (CNAWM): solid circles. The APTw signal is
stronger in the tumor than in the CNAWM. (B) and (C) reproduced with permission from Zhao et al.'*?

becomes more visible when using a longer saturation time,
with B; increasing from 0.5 to 3 pT.”%% (4) Decreased
aliphatic rNOEs of mobile macromolecules at and around
the opposite frequency offset —3.5 ppm.®’3>-7> Based on
Equation (3), the MTR,ym-based APTw image signal

has multiple contributions (primarily including aliphatic
INOE and MTCgsym). In the brain, MTR}gm(3.5 ppm)
( —INOE — MTC,syn) is negative and reduces the
MTRsym (3.5 ppm). Therefore, this contribution is actu-
ally a synergistic factor that enhances the APTw image
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contrast of the tumor because of the reductions in aliphatic
rNOE and MTC,gm in tumors relative to brain tissue.”*
(5) Downfield rNOEs (e.g., in aromatic residues). This pos-
sible confounder at and around +3.5 ppm downfield of
water has been previously explored in studies of protein
solutions, tissue homogenates, and brains in vivo, and will
partially counteract the aliphatic rNOE contribution.””-*
(6) Spillover and MTC dilution effects.®” When perform-
ing the MTR,sym analysis, asymmetric effects relative to
water are visualized, and symmetric background signals
(water T, [Tow]-based spillover and the symmetric portion
of MTC) are removed under the zeroth-order approxima-
tion. However, the APT effect is always diluted by com-
peting spillover and MTC effects, resulting in the fact that
T,w and MTC alterations may influence the magnitude of
APTw contrast. (7) Contamination by Ty, changes®” (but
there is a nonlinear relationship between APTw and Tiy,).
As shown in Equation (1), the APT effect scales with Ty
However, the effects of increased Ty, (decreased R;y) and
water content (denominator of ) in brain tumors are can-
celed out partially.* Further, apart from the Ty, recovery
effect, there is an opposing Ty effect on APTw through
dilution effects, as longer Ty, leads to lower Z-spectra,
therefore, increasing the dilution effects, which lowers the
APT effect.” These 2 effects cancel each other out to some
extent, depending on experimental RF settings. Simulation
studies have shown that APTw increases with Ty, at lower
B;, but is roughly insensitive to Ty, or even decreases with
T1w at higher B,.%%1% In addition, the dependence of APTw
MRI on T;y can be reduced using non-steady-state sat-
uration. Fortunately, when RF strength is approximately
equal to 2 pT (as recommended for brain tumor imag-
ing at 3 T), APTw intensity has been found to be rea-
sonably robust against the change in Ty.”>'° There-
fore, a correction for Ty changes is not necessary for
APTw imaging of brain tumors at 2 pT on clinical 3 T
scanners. Of course, this robustness still has limits.!01:102
Because the significant T;y effect of Gd contrast agents
may bias APTw imaging, it is important to remember
that the APTw acquisition should always be performed
before the injection of contrast agents.'% (8) CEST signals
from exchangeable protons resonating nearby. At 3 T, most
exchangeable protons of macromolecules and metabolites
(such as amines and hydroxyls) are in the fast-exchange
regime (kg » Awg), and their resonances start to coa-
lesce with water. Reduced extracellular pH in tumors may
reduce the exchange rates of extracellular amines and
other fast-exchanging protons and make them become
detectable.!® It is worth noting that the linewidth of
some nearby intermediate-exchange resonances (includ-
ing those from guanidinium protons at 2 ppm, which have
an exchange rate of about 800-1000 Hz!*>'% and, there-
fore, an effective linewidth of about 2.0-2.5 ppm at 3 T)
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may be sufficiently large to be partially irradiated and
detected at 3.5 ppm.'9719% (9) APTw effect from mobile
proteins in liquefactive necrosis. Proteinaceous fluid com-
partments in tumors, such as liquefactive necrosis, would
result in large hyperintensity on APTw images'>?* because
of the abundance of proteins and protein fractions at
higher mobility. In addition, plausible protein denatura-
tion processes would generate such a signal increase.!9-110
Notably, reduced dilution effects in liquefactive necrosis
would lead to an apparently high APTw contrast between
this compartment and normal brain tissue. To simplify
radiology readings, a new APTw metric based on the back-
ground MTR value has been proposed to suppress APTw
signals of large liquefactive necrosis.!'! However, a further
validation is needed for this APTw metric. (10) APTw effect
from mobile proteins in blood vessels and hemorrhage.
Blood has high concentrations of hemoglobin in erythro-
cytes and albumin in plasma, and a higher pH (~0.2 pH
units, relative to brain tissue),''? which would contribute
to the increased APTw in well-perfused tumors because
of induced angiogenesis.’”!13 In addition, like liquefactive
necrosis, intratumoral hemorrhage would demonstrate
large APTw hyperintensity, particularly at hyperacute and
acute stages.2#114115

Given all these potential synergistic or competitive
effects, the contributions of which are affected by experi-
mental RF settings and analysis approaches, the question
arises whether the chosen term “APT-weighted” imaging
is still justified, because it implies that the APT compo-
nent is the major source of this signal. With the above list
as a reference and amide protons as one important con-
tributor, this naming is valid under the careful choice of
acquisition and analysis.**%® For clinical APTw imaging of
brain tumors, we would seek a pragmatic compromise that
not only effectively detects APT, but also can be standard-
ized so that all other effects are consistent between vendors
and studies. Notably, recent radiographic-histopathologic
correlation studies?®2>*3 have clearly demonstrated that
MTRasym(3.5 ppm) is a valid metric that adds clini-
cal value to the imaging of brain tumors at 3 T. Fur-
ther validation is still needed on different pathology
types for the various recommended APTw approaches
described below.

In light of the above list of possible confounding
contributions, there is still a great need for continued
work on CEST methods with increased signal specificity
and/or parameter quantification, as such methods may
ultimately have improved diagnostic use. Some of such
pulse sequences and data analyses that attempt to sep-
arate APT effects from the other contributions in APTw
imaging are discussed in Table 3 and “Data Processing”
below. Additional methods that incorporate different (and
sometimes radically different) acquisition protocols are
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reviewed elsewhere.!'®!'7 The current paper is focused
solely on providing a reasonable standard for assessing
brain tumors in daily clinical practice using a currently
established MTRsym-based APTw approach.

4 | PULSE SEQUENCES
4.1 | RF saturation approaches
and parameters

Currently, no consensus-based APTw MRI pulse
sequences or parameters are available for clinical MRI
systems between different vendors, even for the most
studied application of brain tumors. As mentioned above,
the APTw signal depends on the APTw pulse sequence
features and parameters used. Notably, the APTw signal
is affected by dilution effects, the contributions of which
vary with the saturation amplitude and time. Because of
this dependence, to achieve reproducible APTw imaging
contrast for brain tumors, a consensus choice of certain
saturation parameters is needed. Based on the abundant
literature of the last decade, and taking into account satu-
ration time limitations for amplifiers on some equipment,
we recommend:

APTW = MTRysym (3.5ppM, Byyms = 2 uT,
Tt > 0.8 5, DCsat > 50%), (4)

where T, (during which saturation is applied and transfer
occurs) may consist of different combinations of RF pulses
and inter-pulse delays, DCs,; is the RF saturation duty
cycle (DC), and By is the root-mean-square B; value of
a saturation pulse train with duration t, and inter-pulse
delay tq4, defined as:

_ 1 b 2
Blrms - \/tp + td/o [Bl([)] dt. (5)

Notably, Equation (4) provides some flexibility that is
needed at this stage. However, to enhance reproducibil-
ity and the comparison of results across vendors and sites,
our preferred and more specific recommendation as a
long-term goal is:

APTw = MTRsym (3.5ppm, Biyms = 2 uT,
Tsat =285, Dcsat > 90%) . (6)

The choice of these RF saturation parameters is based on
the following rationales.

It has been shown that the APTw contrast in brain
tumors (T;w=1.5-1.6 s in the solid portion of gliomas

at 3 T)!'819 improves substantially (Figure 2A) when
lengthening T, from 0.5 s to 2 s.!2° For clinical APTw
imaging, a CW block pulse of several seconds is possible
for RF saturation with transmit-receive head coils on a
standard 3 T clinical system,*? similar to typical animal
APTw experiments. However, most standard 3 T clini-
cal systems use body coils for transmit, which results in
stricter limitations on RF amplifier DC (typically 50%),
saturation pulse length, and, to some extent, SAR. In
the past decade, this has been addressed by a few dif-
ferent methods (Tables 2 and 3), such as pulse-train,
time-interleaved parallel RF transmission (pTX), or pulsed
steady state APTw MRI. The pulse-train pre-saturation (a
train of pulses separated by brief delays) has been used in
some early pre-clinical APTw studies’? and in most 3 T
clinical investigations.'?!-1? The use of pulse trains can
achieve a DCq,; >90% and a Tgy >0.8 s on most 3 T MRI
scanners from different vendors, greatly alleviating the
limitations in amplifier duty-cycles and saturation pulse
lengths. Notably, in a recent study on a brain tumor patient
using different pulse-train RF saturation modules, Herz
et al'?® confirmed the decreased tumor APTw signal inten-
sities with decreasing DCgy (Figure 2B). To truly maximize
the saturation efficiency, Keupp et al'**!3! introduced a
time-multiplexed RF saturation method in pTX systems
(Figure 3). By time-interleaving 2 RF sources of the body
coil (the quadrature channels), each with a 50% idle-time,
one can achieve an increased length of the pseudo-CW sat-
uration pulse train, completely meeting the needs of CES-
T/APTw imaging. Finally, the pulsed steady-state CEST
sequence, previously implemented on 1.5T'3? and 7 T'28:12°
human MRI systems,'3*13* but similar to the 3 T MTC
steady-state sequence,'® is currently being optimized for
APTw MRI on 3 T clinical systems.!3¢-14! With this, the
CEST effect is built up over multiple saturation pulses and
each is followed by an imaging acquisition segment. How-
ever, the DC for such a pulsed steady-state sequence is
inherently low.

The amide proton pool, which has a kg, range of tens
to hundreds of Hz in vivo, can be efficiently labeled using
an RF saturation strength (B; or Bimms) between 1 and
3 uT (1 pT = 42.567 Hz). Importantly, the use of 2 pT in
MTRsym-based APTw imaging of brain tumors provides
some advantages. When a B; of 2 pT is used, the APTw
signal is almost 0 for normal brain tissue (Figure 4A),
because of the presence of a negative MTR},,(3.5 ppm)
compensating the APTR. In addition, the APTw signal
should always be negligible in the cerebrospinal fluid
(CSF) because of the symmetry of the CSF Z-spectrum.
Therefore, using this B; and sufficient Tg, (0.8-2 s), the
APTw images are zeroed in most normal brain areas, the
ventricles and, in patients, the resection cavity (Figure 4B).
This convenient background allows easy detection of
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(B)
T,4+~0.8
DC,,;=95%
FIGURE 2 Illustration of the need for a saturation period (T,) on the order of 1-2 s and for a high RF saturation duty cycle (DCg,) for

APTw MRI of brain tumors at 3 T. Gd-enhanced T;w images are included with each example as a morphological reference. (A) An example
of APTW MRI (Byys = 2 pT, DCgye = 100%) for a patient with glioblastoma showing that the APTw signal in the relevant regions increases
with T, Reproduced from Togao et al.!?* (B) APTw and Gd-enhanced T, w images for a glioblastoma patient acquired with 3 different
pulse-train RF saturation modules (By,s = 2 pT). The APTw hyperintensity can be seen clearly in the tumor region relative to
normal-appearing brain tissue, the highest for the module (T, = 2 s, DCg,y = 91%) and the lowest for the module (T, = 25, DCgy = 50%).
Reproduced from Herz et al.'?°

FIGURE 3
parallel RF transmission (pTX, dual transmit
here) (A), alternated over time (B), used for
APTw MRI RF saturation. To achieve 100%
duty-cycle RF saturation, 2 independent
sources, RF1 and RF2, are driven by the RF
amplifiers in a time-interleaved fashion,

Schematic representation of (A)

therefore, running each amplifier at 50%

duty-cycle and limited pulse duration

RF Source 2
according to the hardware specifications. e
Reproduced with permission from Keupp

et al 61,130

L 4

>t

hyperintense APTw signals in high-grade tumors or
hypointense APTw signals in ischemic tissue, which is
convenient for clinical assessment.'#?

Four RF saturation types (types [a]-[d]) recommended

and DCg, > 50%. This recommendation retains some
flexibility for the parameters of shaped pulses (such as
shape, length, and phase). Type (a) and several examples
using type (b) are further compared in Figure 5A and

for brain tumor APTw imaging on 3 T clinical MRI scan-
ners are given in Table 4, in which types (a) and (b)
are the 2 preferred options. For all pulse-train satura-
tion types, we recommend By = 2 pT, Ty = 0.8-2 s,

B1-B3. Type (a) is the ideal approach and is allowed only
with transmit-receive head coils, some state-of-the-art
RF amplifiers, or single-slice APTw imaging protocols.
Fortunately, the pulse-train methods in type (b) can be
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FIGURE 4 APTw images at 3T acquired at different RF saturation strengths. (A) A patient with cerebral metastasis. The tumor (red
arrows) shows hyperintense signal on all APTw images. However, the lesion margins are poorly delineated on the APTw image at 1 pT
because of the presence of cerebrospinal fluid (CSF) artifacts (white arrows). Reproduced with permission from Zhao et al.'*> (B) A glioma
patient post-treatment. The APTw signals at different B, strengths are all around 0 in the resection cavity (as in CSF), but very different in
normal brain tissue (Figure 1B). Therefore, at 1 uT, the resection cavity (red arrow) shows unexpected apparent APTw hyperintensity.
However, the APTw image at 2 uT is homogenous for most brain regions, including the resection cavity (red arrow). Notice the residual
hyperintensity in the sagittal sinus likely because of the high protein content of blood. Unpublished data from Dr. Hye-Young Heo. The study
was approved by the local Institutional Review Board

TABLE 4 Recommendations for APTw imaging of brain tumors at 3T

Pulse sequences

RF saturation approaches and parameters:
a CW RF saturation, T = 2 s, B; = 2 uT (ideal/preferred);
b Pulse-train, Tsy =28, Biyms = 2 T, DCqyt = 90-100% (preferred);
¢ Pulse-train, T, = 800-1000 ms, Byyys = 2 uT, DCsy¢ = 90-100%;
d Pulse-train, Tsy =28, Biyms = 2 pT, DCyyt = 50%;

Lipid suppression:
a An effective lipid suppression method (such as SPIR);

Readout (including recovery time):

a Fast 3D acquisition (in-plane resolution 1.8-2.2 mm; through-plane resolution 3-6 mm);
b Tiec 2Ty (tumor Ty~ 1.5-1.6sat 37T)

Acquisition protocols

a By shimming, preferably 2nd-order shimming, should be done;

b At least 6-offset/7-point APTw imaging protocols (So, +3, +3.5, and +4 ppm or Sy, +3.1, 3.5, and +3.9 ppm)
should be used. More acquisitions at +3.5 ppm are often needed to increase the APTw SNR. A saturated image
at +£300 ppm or further from water should be acquired and used as Sy, with a dummy scan or shot required;

c Proper water frequency mapping must be acquired

Data processing methods

a Use MTRygym (3.5 ppm) as a metric;

b Use a rainbow color scale (+5%) leading to a green background with yellow/orange/red hyperintensities and
blue hypointensities;

¢ Both rainbow color and gray-scale images are stored
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FIGURE 5 Recommended RF saturation methods for APTw imaging of brain tumors on 3 T clinical MRI scanners. (A) CW RF

saturation (T, = 25, By =2 uT). (B1-B3) Three pulse-train RF saturation examples (Tsy = 2'S, By = 2 pT) with high DCy,, (>90%),
respectively, proposed to be used initially on the Philips system by Keupp et al,'*° on the Siemens system by Zhang et al,'*” and on the GE
system by Su et al.’® Note that (B1) is typically achieved with the time-interleaved pTX technique. Single-lobe sinc-Gaussian or any other
saturation pulses may be used in (B1) and (B2), and Fermi pulses in (B3). (C) Shorter pulse-train RF saturation (Ts,; = 830 ms, Byyyys = 2 puT)
with high DCyg, = 95%, which was proposed by Zhu et al.!?? (D) Pulse-train RF saturation (Ts, = 28, Biyms = 2 pT) with standard DCgy = 50%.
Single-lobe sinc-Gaussian saturation pulses are used as an example. (C) and (D) are not optimal, but have often been used previously. To
exactly reproduce these pre-saturation blocks, find their definition in the pulseq-CEST library (A: APTw_000, B2: APTw_001, C: APTw_003,

D: APTw_002)143

realized with the RF amplifier hardware configuration
from all different manufacturers. Time-interleaved pTX
is one good option, but not a requirement, because some
state-of-the-art RF amplifiers can support a DCg >90%
for body coils at the recommended B; strength for APTw
MRI. The data in Figure 6 confirm that the pulse-train
methods in type (b) can provide fairly similar Z-spectra,
MTRaegym spectra, and APTw images in healthy volun-
teers from three 3 T MRI scanners of different vendors.
When preferred types (a) and (b) are not feasible, we rec-
ommend using types (c) or (d). A good example for type
(c) is shown in Figure 5C, which has been widely used
in brain tumor studies previously.?>*° A comparison of
types (b)-(d) can also be found in Figure 2B. To allow
maximal reproducibility, several of the pre-saturation
schemes were recently shared in the open-source
pulseq-CEST format'** (see more details in the caption
of Figure 5).

4.2 | Lipid suppression

Because APTw images are based on the MTR.gm analysis
of saturation images at +3.5 ppm from water, lipid arti-
facts may occur because of the unequal lipid suppression
by the saturation pulse at frequencies above and below the
water. In addition, when an EPI-type fast imaging read-
out is used, large lipid ghosting artifacts may interfere
with APTw imaging.'* It should be noted that the issue
of fat suppression in the brain is much less severe than in
body applications of APT, where partially fat-containing
voxels require sophisticated methods to remove fat sig-
nals. Normal brain tissue and brain tumors do not contain
MR-visible fat components (with the rare exception of
teratoma), so lipid artifacts mostly arise from fat outside
the brain (skull). Sun et al'** showed that a spin-echo
sequence with a water-based, chemical-shift-selective
refocusing pulse could avoid such a lipid artifact in
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Preliminary results of Z-spectra, MTR,qm spectra, and APTw images acquired from adult healthy volunteers on a GE 3 T

MRI scanner (Discovery MR750) (A), a Philips 3 T MRI scanner (Ingenia) (B), and a Siemens 3 T MRI scanner (Prisma) (C), using the
recommended RF saturation methods (Figure 5B3, B1, and B2), respectively. Comparable regions of interest were chosen in white matter
(blue lines), cortex (red lines), and cerebrospinal fluid (CSF, purple lines). A single-slice TSE/EPI acquisition was used in (A) and (B),
respectively, and the 3D snapshot GRE (7 s per offset) in (C). Similar Z-spectra, MTR sy, Spectra, and APTw images were obtained for the 3

different vendors, particularly for white matter and cortex. Z-spectra and MTR,gm spectra of CSF show relatively larger standard deviations,

which can be attributable to flow-related effects. The use of the fast 3D snapshot GRE in (C) is associated with the larger partial volume effect

in the second phase-encoding (head-foot) direction (CSF Z-spectrum) and hyperintense vessel signals (APTw image). Standard deviations are

ROI-based (over the number of voxels), and therefore, dominated by the ROI tissue-based spatial inhomogeneity, and provide only coarse

insight in the image CNR. Some B, centering errors are visible in some of the CSF curves, leading to larger standard deviation close to the

water frequency. Unpublished data from Drs. Phillip Zhe Sun and Yin Wu (GE System), Dr. Jinyuan Zhou (Philips System), and Dr. Moritz

Zaiss (Siemens System). Studies were approved by the respective local Institutional Review Boards

MTR,sym images. Zhu et al'** demonstrated that lipid sup-
pression can be effectively achieved using chemical-shift
selective removal before acquisition with an asymmetric,
frequency-modulated, lipid suppression pulse, followed by
a crusher gradient. Several methods have been proposed
to suppress strong lipid artifacts in breast CEST imag-
ing.145-147 Fortunately, it has been shown that the standard
spectral pre-saturation inversion-recovery (SPIR) method
is generally sufficient for lipid artifact removal in APTw
imaging of the brain.!4814°

43 | Readout

Clinical application of the APTw MRI approach will
be more feasible if fast volumetric imaging acquisition

(<5 min) can be achieved. Both multi-slice and 3D
approaches have been used in CEST/APTw imaging. In
multi-slice acquisitions, there generally are CEST sig-
nal losses because of T;y relaxation differences based
on the order in which the slices are acquired, so cor-
rections may be needed.!® However, in a 3D acquisi-
tion with centric encoding, each line of k-space con-
tributes equally to all reconstructed slices, and differ-
ences in saturation caused by differences in Ty, relax-
ation between slices can be minimized.'?> Therefore, 3D
acquisition is preferred for volumetric APTw imaging. For
instance, Zhu et al'?? developed a 3D APTw MRI technol-
ogy that allows fast acquisition on 3 T clinical instruments,
using 4 elements of 200 ms with 10 ms space in between
(DCsat = 95%) for gradient- and spin-echo (GRASE)
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3D APTw imaging sequence diagrams, all consisting of a pulse-train RF saturation module, a SPIR lipid suppression pulse,

and 3D image readout. (A) An example used in the Philips 3 T clinical MRI system. The time-interleaved pTX-based RF saturation module

consists of 40 single-lobe sinc-Gaussian saturation pulses (50 ms each, Ty = 28, Byyms = 2 pT, DCqy = 100%), corresponding to Figure 5B1.

The TSE readout module contains selective excitation and selective/non-selective refocusing pulses (120°). (A) Made according to Keupp

et al.130:131.170 (B) An example used in a Siemens 3 T clinical MRI scanner. The RF saturation module consists of a train of 100-ms-long

Gaussian pulses with a 10-ms gap in between (DCg,; = 91%), corresponding to Figure 5B2, and a 5-ms-long, 15-mT/m-strong crusher gradient

is applied during the gap period. The SPACE readout module contains non-selective excitation and refocusing pulses. The refocusing part has
4 startup pulses with flip angles of 149°, 122°, 119°, and 120°, and then executes constant 120° pulses. (B) Reproduced with permission from

Zhang et al.'*° (C) An example of the snapshot GRE CEST used in a Siemens 3 T clinical MRI scanner. The RF saturation module consists of
a train of 36 50-ms-long Gaussian pulses with a 5-ms gap in between (DCy,, = 91%), corresponding to Figure 5B2, and a 2-ms-long,

15-mT/m-strong crusher gradient is applied after the preparation period. The snapshot GRE readout module contains slab-selective, low

flip-angle excitation pulses of 5°-7°. (C) Made according to Zaiss et al'>” and Herz et al.'*

imaging with adiabatic lipid suppression pulses. This
sequence has been applied successfully to clinical studies a
t many sites.3%15!

Volumetric APTw MRI currently requires a scan
time of 3 to 10 min, because of the use of multiple
RF saturation frequencies (to correct for the By inho-
mogeneity) and multiple acquisitions (to increase the
SNR). Various acceleration approaches and fast imag-
ing acquisition techniques have been used to accelerate
CEST/APTw imaging (Figure 7), including SENSE,!>>153
GRAPPA,>* controlled aliasing in parallel imaging results
in higher acceleration (CAIPIRINHA),'>> GRASE read-
out,'?? turbo-spin-echo (TSE) readout???*!%¢ (including
sampling perfection with application-optimized contrasts
by using different flip angle evolutions [SPACE]),!*° and a
gradient-echo (GRE)-based snapshot approach.!*’-1>° The
combination of 3D TSE readout with time-interleaved

pTX saturation provides a fast and more sensitive 3D
APTw imaging sequence (Figure 7A), which was the
method used in the first commercial APTw imaging
sequence on Philips 3 T MRI scanners.®*®! In addition,
several novel undersampling acquisition and reconstruc-
tion approaches (including keyhole, spectroscopy with
linear algebraic modeling, compressed sensing, and deep
learning)'%0-1%5 have been used successfully to accelerate
CEST/APTw acquisitions. The reconstruction-oriented,
reduced k-space acquisition requires more advanced data
processing, but this can all be automated on the scanners
(including compressed sensing-based image reconstruc-
tion and B, inhomogeneity correction)®®°! to streamline
the clinical workflow.

Based on previous studies, a fast 3D acquisition tech-
nique (in-plane resolution 1.8-2.2 mm; through-plane res-
olution 3-6 mm), integrated with a feasible, optimized
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RF saturation scheme and an effective lipid suppression
method, and is recommended for brain tumor APTw imag-
ing on 3 T clinical MRI scanners (Table 4). Ty, or TR
is generally limited by the SAR, and we suggest using
Trec = 2Ty (tumor Ty ~ 1.5-1.6 s at 3 T).118119 GRASE,??
TSE,®! SPACE,'* and GRE"’-!>° have widely been used
in previous studies of brain tumor APTw imaging and
are among the candidate readout sequences. However, we
recommend retaining some flexibility for the 3D read-
out module, currently, because the choice of this pulse
sequence component does not affect the APTw contrast
per se.

5 | ACQUISITION PROTOCOLS

The minimum data required to calculate MTRggym is
related to a 2-offset (£3.5 ppm) APTw imaging proto-
col. However, MTR,sy, analysis is complicated by By
frequency inhomogeneity and scanner instability, which
causes spatio-temporal resonance frequency variations.
The 2-offset protocol is highly susceptible to B, vari-
ations between voxels, which can be problematic near
air-tissue interfaces, even with up to 2nd-order shim-
ming.'?* Two kinds of APT imaging acquisition protocols
have been reported in the literature that address this issue
(Tables 2 and 3): acquiring a full Z-spectrum consisting of

(A)
Under localized shimming
Localized APT acq.
shimming Mg, £3,£3.5, By mapping
preparation +4ppm

downfield and upfield frequency offsets from the water
resonance, or acquiring limited frequency offsets at and
around +3.5 ppm, plus a ABy map for frequency off-
set referencing. A full Z-spectrum is often acquired for
research purposes and allows for correction of By varia-
tions because it includes samples near water and amide
resonances. The APTw signal is known to appear at the
offset of 3.5 ppm; therefore, only limited offsets at and
around +3.5 ppm need to be acquired.'? To have the possi-
bility to correct for B, differences on a voxel-by-voxel basis,
it is necessary to acquire multiple offsets at and around
+3.5 ppm. The AB, map is often obtained using an extra,
more time-efficient scan, such as the widely used water sat-
uration shift referencing (WASSR)'®® or GRE phase-based
methods.!>%1%7 According to the literature,'?? the By inho-
mogeneity in the brain is typically less than 20 Hz and up
to 100 Hz near air-tissue interfaces (ears, sinuses) at 3 T.
With a AB, map available, it has been shown that a 6-offset
APTw imaging protocol (+3, +3.5, and +4 ppm) with
2-to-4 acquisitions at +3.5 ppm (Figure 8A), can provide
By inhomogeneity-corrected APTw images of sufficient
SNR.? This minimal Z-spectrum data acquisition allows
3D full brain imaging within clinically acceptable acquisi-
tion times (e.g., <5 min). More acquisitions at +3.5 ppm
can be used to increase the SNR. Of course, a relatively
larger offset interval (e.g., £2.75, £3.5, +4.25 ppm) or extra
offsets (e.g., £2.5, +3, +£3.5, +4, +4.5 ppm) may be used

No saturation
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FIGURE 8 (A)A commonly used 6-offset APTw protocol. During the preparation, localized shimming is performed. The optimal shim

parameters and scanner’s center frequency are determined and applied to the subsequent APTw data acquisition and AB, mapping scans.
During the APTw data acquisition, extra offsets (+3, +4 ppm) are acquired to correct for spatial and temporal B, inhomogeneities.
Reproduced with permission from Zhou et al.* (B) An APT-Dixon method. The imaging is performed at frequency offsets +3.1, +3.5, +3.9,
and —1560 ppm (Sy). Image acquisition is repeated 3 times at +3.5 ppm. Acquisition windows and readout gradients are shifted (echo-shift,
[ES]) by +0.4 ms (ES1), 0 ms (ES2), and —0.4 ms (ES3) in each acquisition at +3.5 ppm for Dixon-type AB, mapping. Reproduced with

permission from Togao et al.!””
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when large B, inhomogeneities exist.?*1%% The tradeoffs for
these are larger data interpolation errors (see next section)
and more scan time, respectively.

Recently, a number of novel methods have been
proposed to correct By/B; field inhomogeneity or fre-
quency drift in clinical CEST/APTw imaging at both
3 T and 7 T Keupp et al'®>!’" developed a
so-called CEST-Dixon method at 3 T that can map
the intrinsic B, inhomogeneity using echo shifts during
the APTw acquisition (Figure 8B), concluding that this
self-corrected method is more robust than separate By
mapping approaches. Schuenke et al'’! proposed the water
shift and B; (WASABI) method that can yield simultane-
ous By and B; mapping within about 2min at 3T and
7T. The B; variations in the brain at 3T are typically
within +10% and can be up to +30% in some regions,
such as in the infratentorial region and at the supe-
rior part of the brain.!> Theoretically, B; inhomogeneity
affects APTw signal when different brain regions expe-
rience varying amounts of saturation. For example, the
saturation efficiency o in Equation (1) is a function of By,
and spillover/MTC dilution effects change with B;.%” At
3T, when a body coil is used, these effects taken together
may not be sufficient to substantially affect APTw con-
trast within most brain slices (Figure 6). However, this
may be an issue only in the infratentorial and superior
brain regions, and further assessments are needed. Tech-
nically, if available, parallel transmit and B; shimming,
as well as B; inhomogeneity corrections during process-
ing (from B; mapping), should be used to reduce the
possible issue. Poblador Rodriguez et al'’’ recently com-
pared several static and dynamic ABy, mapping methods
for correcting CEST MRI in the presence of temporal
By field variations at 7T. The results indicated that, in
the presence of frequency drift, the 3 dynamic meth-
ods (which integrate AB, mapping into the CEST mea-
surement) had significantly improved ABy-correction per-
formance over established static methods. Self-corrected
CEST-GRE-2TE (using phase data directly generated by
double-echo GRE readout), comparable to CEST-Dixon,
was the most accurate and straightforward sequence to
implement.

The APTw acquisition protocol currently recom-
mended for brain tumors on 3 T clinical MRI scanners
is listed in Table 4. We recommend the acquisition of at
least 6 offsets and an unsaturated image (Sy, +3, +3.5,
+4 ppm, or Sy, +3.1, +3.5, +3.9 ppm), in combination
with By shimming (2nd order preferred) and a By shift
reference. Further offsets can be applied, if a larger B,
inhomogeneity is expected. Because the APTw effect in
vivo is often small (2-4% of the water intensity in tumor),
multiple acquisitions are often needed to increase the
APTw SNR. We recommend that S, (3.5 ppm) images

should have an SNR of at least ~50, corresponding to 2-to-3
acquisitions for the TSE readout, with an in-plane spa-
tial resolution of about 1.8 to 2.2 mm and a through-plane
resolution of 3 to 6 mm. Notably, Sy without RF satura-
tion should be acquired using the same TR as saturated
images. It is acceptable that a saturated image at a very
large offset is used as Sy, which avoids potential drift effects
with RF power changes. In this case, +300 ppm or further
from water should be chosen. At least 1 dummy scan or
shot is required for the single-shot or multi-shot acqui-
sition, respectively. Finally, an intrinsically/dynamically
referenced ABy-correction method (such as CEST-Dixon
or CEST-GRE-2TE) 28129177 ig a good option to correct
for By variations, but a separate AB, mapping approach is
generally acceptable at 3 T. For the latter, it is, of course,
important to run the ABy mapping and APTw scans under
the same shimming and ideally in immediate succes-
sion, because of potential B, drift effects (Figure 8A). The
approaches and parameters suggested in Table 4 allow for
the greatest degree of flexibility in the application of APTw
imaging to multi-center clinical trials for the assessment of
brain tumors and novel therapies.

6 | DATA PROCESSING

Different data processing approaches have been pro-
posed to quantify the APT effect in vivo. Examples
are the widely used MTRgsym analysis,'”” the 3-offset
method,”” and the extrapolated semi-solid magnetiza-
tion transfer reference (EMR) method,”*® which were
designed to, as much as possible, remove the DS and MTC
background signals based on a reference signal. Other
approaches include various model-based, Z-spectral fitting
approaches, such as multi-pool Lorentzian fitting'8°-182 or
multi-pool Bloch-McConnell equation fitting.!83-184 These
often allow a more specific CEST quantification and pro-
vide the ability to quantify multiple CEST parameters.
The most suitable APT analysis method may depend on
the setting of RF saturation amplitudes. At relatively low
saturation amplitudes (<1 pT), APT and rNOE peaks
are often distinguishable and relatively easy to fit. How-
ever, at 2 pT recommended for brain tumor imaging at
3 T, the distinct APT signal at 3.5 ppm is often invisible
(because of a large saturation bandwidth on the order of
ppm)** and the model-based fitting approaches, designed
to separate out more pure APT effects, may not work
well. Recently, a quasi-steady-state (QUASS) CEST anal-
ysis method was developed to account for the effects of
finite saturation time and relaxation delay, which may
facilitate more robust CEST quantification of individual
resonances.'8>18¢ Here, we focus on the consensus on
APTw imaging using MTR,sm analysis, whereas other
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quantification approaches will require a separate evalua-
tion and consensus.

Notably, in addition to its simplicity and speed,
MTRgagym-based APTw imaging at 2 pT has some other use-
ful characteristics that are not directly related to amide
proton exchange properties, such as the close-to-0 APTw
signal in healthy tissue and the coarse T;,, independence,
as discussed above. According to Table 2, when a Byyys of
2 uT and a Ty, of 2 s are used on 3 T MRI scanners, very
similar APTw intensities or contrasts can be observed from
different vendors/sites (grade-4/3/2 glioma APTw con-
trast = 4.0%/2.2%/1.0% on GE; grade-4/3/2 glioma APTw
signal = 4.1%/3.2%/2.1% on Philips; high-grade glioma
APTw signal =3.5% on Philips),>*?%16* ranging approxi-
mately from 1% to 4% in solid tumors of different grades.
The MTRuym(3.5 ppm) or APTw metric has, therefore,
become the basis of the first commercial APTw imaging
sequence on 3 T clinical MRI scanners.°

Based on previous studies, we recommend MTR,sym
(3.5 ppm, Biyps = 2 pT, Tga>0.8 s, DCgy >50%) for
brain tumor APTw imaging on 3 T clinical MRI scanners
(Table 4). Using the recommended 6-offset acquisition pro-
tocol and estimate of By offset, the equivalent value for the
signal at +3.5 ppm should be calculated using interpola-
tion (linear or Lagrange interpolation being suitable with
the small number of sample points) and MTR aym(3.5 ppm)
calculated from these values.?6143151 Most APTw images
have been displayed historically using a rainbow color
scale. When the recommended B; and saturation time
values are used, this often leads to a green background
in normal brain regions with positive, yellow/orange/red
hyperintensities in high-grade tumors (Figure 9) and neg-
ative, blue hypointensities in ischemic tissue.'** We, there-
fore, recommend that the results should be displayed on
MRI scanner consoles in a window of +5%, with a spe-
cific rainbow colorbar (no. 013), defined by Interactive
Data Language (IDL; Harris Geospatial Solutions, Broom-
field, CO),'87:188 to visually cover all possible APTw signal
changes seen in different clinical applications, and that
both rainbow color and gray-scale images are stored. In
addition, to enable comparison of APTw images to pre-
vious published data, we suggest that the results should
be displayed in publications using this colorbar and win-
dow. Nevertheless, we understand that radiologists may
choose windows and levels themselves in reading rooms
using different post-processing solutions and may use
gray-scale or any color scales that they prefer for their
specific clinical study with APTw imaging. Although radi-
ologists usually prefer the rainbow scale, it is important to
point out that it is increasingly recognized that this scale
is not very suitable for color-blind people and that the
sharp color transitions may be misleading.'®® We encour-
age experimentation with the use of perceptually uniform

sequential colorbars for APTw imaging in the future.
Because of a lack of published data with such scales,
we can currently not make a consensus recommendation
about this.

7 | DATA INTERPRETATION

As is typical for all MRI approaches, there can be
false-positive and false-negative findings because of low
SNR. This certainly applies to CEST MRI, including APTw
imaging, which detects changes in the range of a few per-
cent of the water MRI signal. Consequently, the APTw MRI
approach, based on difference images, is susceptible to
motion and By shifts that may cause artifacts in the APTw
images. Although low SNR, together with motion, can
average out small hypo- or hyperintensities, strong motion
artifacts can also lead to false hyper- or hypo-intensities,
as previously shown for dynamic CEST studies.!”° It has
been reported on clinical scanners, with a saturation time
of 2s and a B; amplitude of 2 pT, that the repeatability of
the APTw signal was excellent in supratentorial locations,
but it was poor in infratentorial locations because of severe
B, inhomogeneity and susceptibility that affect the APTw
signal.'6>164 In addition, as discussed in “Acquisition Pro-
tocols,” the B; inhomogeneity can be up to +30% in the
infratentorial and superior regions of the brain, which may
affect the APTw signal. Therefore, interpretation of APTw
imaging must include possible SNR, By/B; inhomogeneity,
and motion influences, or rule these out at the acquisi-
tion or post-processing stage, which may be possible with
future developments.

Although APTw imaging is useful for brain tumor
evaluation, there are pitfalls for APTw image interpreta-
tion. In addition to artifacts because of motion and B,
alterations, areas of large liquefactive necrosis, hemor-
rhage, or large vessels typically demonstrate high APTw
signals and should not be mistaken as viable tumor.'!
Figure 10 gives several representative images of lig-
uefactive necrosis and hemorrhage at different stages.
Careful interpretation is needed with post-operative-stage
tumors with the surgical cavity filled with proteina-
ceous fluid, unless a fluid suppression method is used
(Figure 10C and D).>®!!! To distinguish between viable
tumor and proteinaceous fluid, APTw images should gen-
erally be interpreted together with anatomic MRI (such
as T,w, fluid-attenuated inversion recovery (FLAIR), and
pre- and post-contrast Tyw), SWI, diffusion, and perfu-
sion (including dynamic susceptibility contrast-enhanced
and dynamic contrast-enhanced) MRI sequences that are
acquired during routine clinical tumor protocols. This
comparison helps, on one hand, to recognize and assign
non-tumorous signals and potential artifacts on APTw
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FLAIR— APT AP

FIGURE 9 (A)An example of anatomic and APTw MR images for a patient with glioblastoma, isocitrate dehydrogenase (IDH)
wild-type. APTw images show hyperintensity in the Gd-enhancing area, compared to the contralateral brain area. Five of 10 slices are shown.
Unpublished data provided by Dr. Osamu Togao. The study was approved by the local institutional review board. (B) Five examples of
anatomic and APTw MR images for patients with astrocytoma, IDH-mutant, grade 2 (row i); oligodendroglioma, IDH-mutant, 1p/19q
codeletion, grade 2 (row ii); astrocytoma, IDH-mutant, grade 3 (row iii); astrocytoma, IDH-mutant, grade 4 (row iv); and glioblastoma,
IDH-wildtype, grade 4 (row v). Grade 3 or 4 gliomas typically show Gd enhancement and intermediate to high APTw hyperintensity. The
2021 World Health Organization classification of brain tumors was used. Unpublished data provided by Dr. Ji Eun Park. The study was
approved by the local institutional review board. The recommended RF saturation method (Figure 5B1), 3D TSE readout, and APT-Dixon
method (Figure 8B) were used in (A) and (B). (C) Two examples of anatomic and APTw MR images, biopsied sites, and histology images from
an APTw image-guided stereotactic biopsy study, using the RF saturation method in Figure 5C, a 3D GRASE readout, and the 6-offset APTw
acquisition protocol from Figure 8A. (Top) A gliosarcoma patient with tumor recurrence, showing heterogeneous substantial APTw
hyperintensity in the Gd-enhancing area. The biopsied site marked by a screenshot had a high APTw signal (3.42%). (Bottom) A glioblastoma
patient with treatment effect, showing homogeneous isointensity to minimal APTw hyperintensity in the gadolinium-enhancing area. The
biopsied site had a relatively low APTw signal (0.87%). Reproduced with permission from Jiang et al.**
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FIGURE 10 (A)Anatomic and APTw MR images for 2 patients with glioblastoma. (Top) An area of liquefactive necrosis (white arrow)
is evident on standard anatomic MRI sequences. The APTw image shows that both the Gd-enhancing tumor core and the proteinaceous
fluid-filled cavity (white arrow) have high APTw signal intensities. (Bottom) There is a large cavity filled with liquefactive necrosis (high
FLAIR; white arrow) inside the tumor mass. T;w image demonstrates a small region of high signal intensities (red arrowhead) that is
characteristic of hemorrhage. Both the tumor core and the liquefactive necrosis generally have high APTw signals, whereas the clot (red
arrowhead) has a low APTw signal. Reproduced with permission from Wen et al.>* (B) MRI of hemorrhage metastasis. At the periphery, the
lesion shows isointensity on the T;w image and hypointensity on the T,w image, both consistent with acute hemorrhage. However, the
central portion of the lesion shows hyperintensity on both T;w and T,w images, consistent with late subacute hemorrhage. The APTw image
demonstrates a higher signal in the acute hemorrhage region than in the subacute hemorrhage region. Reproduced with permission from
Jeong et al.'** (C) Standard APTw and fluid-suppressed APTw MR images for 2 patients with glioblastoma. (Top) A tumor with large central
fluid content showing only thin rim enhancement after fluid suppression. (Bottom) A complex case with the significant cleanup of fluid
APTw signals with fluid suppression. Reproduced with permission from Keupp and Togao.!!! (D) Anatomic, dynamic susceptibility
contrast-enhanced perfusion-weighted, and fluid-suppressed APTw MR images in a patient with a histologically confirmed astrocytoma,
IDH-mutant, grade 4. The anatomic images demonstrate a heterogeneous lesion with a rather solid central and well-enhancing part (black
arrows), a peripheral compartment (arrowheads), and some T,w/FLAIR mismatch without overt enhancement. The area of strong
enhancement also demonstrates strong neo-vascularization as is evident on the leakage-corrected relative cerebral blood volume (rCBV) map
(orange arrow), whereas the peripheral lesion shows a very low vascularization index. The APTw images in different color-coding show
significantly elevated signal in the enhancing tumor, suggesting clearly high-grade features. Interestingly, the anterior rim zone, along with a
halo surrounding the enhancing area, demonstrates mildly elevated APTw signal (arrowheads) that indicates likely high-grade tumor
characteristics, which are not captured by the perfusion-weighted MRI. The APTw image appears to provide a more accurate functional
tumor mapping than the rCBV map in this case. Unpublished data provided by Drs. Sotirios Bisdas and Laura Mancini (University College
London Hospitals NHS Foundation Trust and UCL Queen Square Institute of Neurology) from an ongoing study approved by the
Institutional Review Board and the local ethics committee. The data were acquired on a Siemens 3 T Prisma scanner, using a 3D APTw
protocol (DCgyt = 91%, Byyms = 2 pT, Ty = 25) and water shift and B; for B, and B; mapping. Perfusion, water shift and B;, and APTw data
were processed in Olea Sphere 3.0 software (Olea Medical, La Ciotat, France)

images and, on the other hand, to identify tumor viabil-
ity characteristics, which are not captured by the struc-
tural and perfusion-weighted MRI (Figure 10D). The infor-
mation provided by APTw MRI should be regarded as
complementary to existing approaches, further extend-
ing the repertoire of diagnostic tools in radiology. Finally,
and importantly, the selection of the color scheme in
the APTw images can affect the interpretability of the

information contained, as discussed in “Data Process-
ing.” Advanced post-processing solutions suited for APTw
imaging can offer different color scales and windows,
including perfusion-like color ranges, which may be more
familiar to the radiologist and, therefore, more easily read-
able (Figure 10D).

As discussed in “Pulse Sequences,” a correction for
T1w changes is not necessary for APTw imaging of brain
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tumors at 2 uT on clinical 3 T scanners. Ty, values decrease
after Gd injection, especially in Gd-enhancing regions that
are of importance for tumor assessment. The Gd may
remain there for a longer time, whereas it may clear faster
from other tumor regions, leading to T; heterogeneity in
the tissue. Shorter Ty, causes a reduced signal buildup in
saturation transfer that leads to the region-dependence of
quantification because of Ty, heterogeneity.!?® This could
be corrected for if Ty, could be known; however, because
of the change in T,y over time with Gd concentration in
the region, Ty, mapping after Gd is actually difficult. We,
therefore, do not recommend APTw MRI after Gd, but if
it is acquired, we suggest adding a note for this to help the
interpretation.'°192 Other metrics with relaxation com-
pensation ability have been suggested,'°192 and a test to
compensate for Gd-induced T; changes on injection was
performed in an animal tumor model.'*’ However, how
these findings translate from animals to humans and from
the sole amide CEST signal used to MTRsym is not yet
clear. It is, therefore, not part of this guidelines paper.

8 | CONCLUSIONS AND REMARKS
This paper reviews and recommends the currently opti-
mized APTw approaches at 3 T with an attempt to
standardize this imaging technology in the clinical set-
ting, and focus on APTw imaging applications to brain
tumors (Tables 4 and 5). When the preferred pulse-train
method (Biyms = 2 pT, Tsae = 2 s) is applied to healthy
volunteers, comparable Z-spectra and MTR,s, spectra
can be obtained from the 3 T MRI scanners of the 3

TABLE 5 Tips for using APTw imaging in the clinical setting
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main manufacturers. In addition, when using the recom-
mended saturation sequences, currently published data
from patients with brain tumors show that very simi-
lar APTw intensities or contrasts are observed for data
from different vendors. We expect that these recommen-
dations will become the first guidelines for APTw imag-
ing of brain tumors on 3 T MRI systems from different
vendors. When implemented, more medical centers will
be able to use the same or comparable techniques in
investigating the added clinical value of APTw MRI in
larger independent patient cohorts and ultimately lead
to biomarker status of this contrast for brain tumors.
Reducing variability across vendors, sites, patients, and
time will improve value and practicality of APTw imag-
ing as a quantitative imaging biomarker that is consistent
with the mission of the quantitative imaging biomarkers
alliance (QIBA).'%?

In addition to the brain tumor applications described
above, APTw MRI has been applied to various neurolog-
ical disorders and other diseases in the clinical setting.
Notably, the extension of APTw MRI from the brain to
other body regions is complicated by increased By inhomo-
geneity, motion, and increased lipid contamination, which
often lead to inferior imaging quality for many patients.
Undoubtedly, APTw imaging methods must be optimized
and standardized separately for each of these applica-
tions, and consensus recommendations are not possible
at this time. In addition to 3 T, APTw imaging applica-
tions to patients with brain tumors have been studied at
7 T102193.194 and 1.5 T,'9>1% with the latter being impor-
tant clinically. Theoretically, the extension to lower mag-
netic field is straightforward; however, the increase in

1

Check APTw imaging sequence parameters and test them with a healthy subject on sequence installation, after any scanner
upgrade, and on a regular basis

Position the head of the subject at the center of RF coil, immobilize as much as possible with padding, and advise the subject to

Acquire T,-weighted and FLAIR images first, and, if not the whole brain is acquired, select an appropriate target volume for
APTw imaging. It is also helpful to check the location of the lesion in advance from the most recent MR images of the subject, if

If a separate AB, mapping approach is used as reference for the APTw scan, turn off its pre-scan to avoid changes in shim and

Acquire APTw MRI before Gd contrast administration. If it is acquired after, add a note for this to help the interpretation
Ask whether APTw imaging provide complementary information to the standard MRI protocol including anatomic sequences

APTw images should be interpreted together with routine clinical MR images, and areas of large liquefactive necrosis, hemor-
rhage, or large vessels that typically demonstrate high APTw signals should be identified. Interpretation must also assess possible
SNR, AB,, and motion influences. The infratentorial location is challenged in repeatability; therefore, tumors in the infratentorial

2
keep stable during the scanning
3
available
4
frequency offset settings
5
6
7
location, especially in the brainstem, must be interpreted carefully
8

The recommendations in this work refer specifically to brain tumor imaging. Applications for other diseases and in other organs
may require adaption of APTw MRI sequence parameters and acquisition protocol
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background interference (smaller frequency range in Hz)
would affect the APTw MRI signal, and there is currently
insufficient knowledge for a consensus. APTw imaging for
other applications is still in its infancy. A continued effort
to explore new APTw MRI pulse sequences, data acqui-
sition protocols, and data processing methods is needed,
particularly for neurological disorders other than brain
tumors and various body diseases. We expect that signif-
icant advances will be achieved and updated new rec-
ommendations will be proposed within the next 5years
or 0.
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