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Abstract

Amide proton transfer-weighted (APTw) imaging is a molecular MRI technique that generates
image contrast based predominantly on the amide protons in mobile cellular proteins and peptides
that are endogenous in tissue. This technique, the most studied type of chemical exchange
saturation transfer (CEST) imaging, has been used successfully for imaging of protein content and
pH, the latter being possible due to the strong dependence of the amide proton exchange rate on
pH. In this paper, we briefly review the basic principles and recent technical advances of APTw
imaging, which is showing promise clinically, especially for characterizing brain tumors and
distinguishing recurrent tumor from treatment effects. Early applications of this approach to
stroke, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and traumatic brain injury are
also illustrated. Finally, we will outline technical challenges for clinical APT-based imaging and
discuss several controversies regarding the origin of APTw imaging signals in vivo.
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Introduction

Magnetic resonance imaging (MRI), invented and applied to the human more than 40 years
ago, is a highly versatile imaging technology used in radiology to image basic anatomy and
function with microliter resolution. Currently, MRI is a key modality for diagnosing disease,
guiding treatments, and assessing the effects of treatment. A few conventional pulse
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sequences, such as To-weighted (T,w), fluid-attenuated inversion recovery (FLAIR), T1-
weighted (Tqw), and particularly gadolinium-enhanced T;-weighted (Gd-T,w) MRI are the
main tools in daily clinical practice. Since the 1990s, several advanced, more tissue
function-oriented sequences, such as perfusion imaging, diffusion imaging, and proton MR
spectroscopic imaging (MRSI), have been introduced to some clinical research protocols. As
MRI is applied further at the molecular level, more possibilities for disease diagnosis and
treatment assessment are becoming evident.! Currently, however, most molecular MRI
studies rely on the administration of paramagnetic or super-paramagnetic metal-based
substrates that are not biodegradable and will have to go through a lengthy testing and
protocol approval before becoming available in the clinic. Ideally, molecular imaging would
exploit endogenous molecules that can be probed non-invasively using existing hardware.

Combining NMR concepts of chemical exchange and signal saturation, as originally
proposed by Forsen and Hoffman,? Balaban et al. first demonstrated that the process of
saturation transfer from exchangeable protons to water can be used for enhancing the
detection sensitivity of molecules, a molecular imaging approach dubbed chemical exchange
saturation transfer (CEST) imaging.3 Based on this approach, numerous low-concentration
endogenous biomolecules or exogenous imaging agents with water-exchangeable chemical
groups and tissue physico-chemical properties (e.g., pH) that influence the exchange rate can
be detected indirectly through the bulk water signal used in MRI1.4-2 The most studied type
of CEST MRI to date, amide proton transfer (APT) imaging,1? is geared towards detecting
the exchangeable amide protons in the backbone of mobile proteins, previously visualized in
the /n vivo proton NMR spectrum.11: 12 With this technique, these proteins can be imaged /n
vivo using the water signal, thus enabling translation to clinical MRI scanners. When using
the standard CEST processing approach of asymmetry analysis, the image has additional
signal contributions,13 in which case “APT-weighted” (APTw) MRI is a more accurate
description. APTw MRI has been applied to brain tumors, stroke, and several other diseases.
The significance of APTw imaging is that endogenous cellular protein information is
obtained indirectly through the bulk water signal used in MRI, thus expanding the range of
molecular MRI techniques to the protein level. In this article, we review the state of the art
of APT-based MRI and the needs for its proper clinical application. In addition, we highlight
future prospects of this molecular imaging technique.

APTw MRI Principles and Techniques

Basic Principles

The principle of sensitivity enhancement using CEST/APT is explained in Fig. 1a. Low-
concentration solute molecules are selectively labeled by saturating specific exchangeable
protons (e.g., amide, amine, imino, or hydroxyl protons) with radiofrequency (RF)
irradiation. When such saturation-labeled protons exchange with water protons, the water
signal becomes slightly saturated. In view of the low concentration of solute (M to mM
range), a single transfer of saturation would be insufficient to show any effect on water
protons (100 M range). However, because the water pool is much larger than the saturated
solute proton pool, each exchanging saturated solute proton is replaced by a non-saturated
water proton, which is then again saturated. If the solute protons have a sufficiently fast
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solute-proton to water-proton exchange rate kg, (tens of Hz) and if T4 of water (Tq,,) is
sufficiently long, prolonged irradiation (second range) leads to substantial enhancement of
this saturation effect. The magnitude of the CEST effect is generally expressed in terms of a
so-called proton transfer ratio (PTR). Based on a two-pool exchange model (small solute
pool, large water pool), the amide PTR can be written as:14

-t T
APTR = kg, - ([amide proton]/[water proton]) - T, - (1 —e lw), [1]

where square brackets indicate concentration ([water proton] = 2 x 55.6 M) and ts; is the
saturation time, which is the time during which saturation is applied and transfer occurs.
Even though most proteins and peptides occur only in uM concentration in tissue, they
contain multiple amide protons. Also, many proteins and peptides can contribute amide
groups /n vivo at about the same frequency (around 8.3 ppm, or ~3.5 ppm downfield from
the water resonance), leading to a large composite resonance reflecting a total proton
concentration of about 50-100 mM.19 Even though the APT effect is small (a few percent
on the water signal), it corresponds to a detection sensitivity of molar concentration for
millimolar substances.

APTw MRI related metrics

CEST effects are usually assessed by acquiring a so-called Z-spectrum, in which the
intensity of the water signal during saturation at a frequency offset (Aw) from water,
Ssat(Aw), normalized by the signal without saturation, Sy, is displayed as a function of
irradiation frequency using the water frequency as zero-frequency reference (Fig. 1b). When
performing an APT experiment /n vivo, direct water saturation (DS), and conventional semi-
solid magnetization transfer contrast (MTC) effects will interfere with the measurement.
These effects need to be separated out, which is generally attempted using asymmetry
analysis of the Z-spectrum with respect to the water frequency. The sum of all saturation
effects at a certain offset is called the magnetization transfer ratio (MTR):

MTR(Aw) = 1 — Z(Aw) = 1 = S (Aw)/Sy,  [2]

where Z = Sg/Sq is the signal intensity in the Z-spectrum. The APT effect is usually
assessed using the MTR asymmetry at an offset of 3.5 ppm:10

MTRaSym(3.5ppm) = MTR(+ 3.5ppm)—MTR( — 3.5ppm) = Z ( — 3.5ppm)-Z( + 3.5ppm)

S, .(—=35ppm) —S_ .(+3.5ppm)
== 5 w = APTR + MTR (3.5ppm),

(3]
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where MTR;aSym(S.Sppm) is used to describe contributions other than APTR, especially

including the exchange-relayed nuclear Overhauser effect (rNOE) of aliphatic protons of
mobile macromolecules at —3.5 ppm15-18 and the inherent asymmetry of the conventional
MTC effect.1® The rNOE is visible in the upfield Z-spectrum at low saturation power and is
due to the magnetic interaction between the aliphatic protons in the protein and its
exchangeable protons, which then relay the saturation effect to the water signal via
exchange. This should not be confused with the semi-solid MTC in that spectral region, also
an NOE effect of the aliphatic protons, but likely through space directly to bound water. The
difference between direct and relayed NOEs can be detected by looking at the pH
dependence of the NOE signals, with the rNOE being pH dependent and the direct through-
space NOEs not. Following the most recent literature,8 we refer to the NOE in mobile
macromolecules as rNOE, and the NOE in the semisolid components as MTC.

Because of the presence of these multiple contributions, APT images defined by
MTRgsym(3.5ppm) should be called APTw images.13 It has been demonstrated
theoretically?9-22 and with image-directed biopsies?3 24 that MTRsym(3.5ppm) or APTw is
a valid metric for imaging of brain tumors, which was the basis of the first commercial
APTw imaging sequence on 3T clinical MRI scanners.2> To quantify more pure APT and
NOE signals /n vivo, several alternative data processing approaches?!: 22: 26-31 have been
proposed. Many of these are designed to, as much as possible, remove the DS and MTC
background signals using some kind of fitting. For example, Heo et al.2: 22 recently
introduced a mathematical approach, called extrapolated semi-solid magnetization-transfer
reference (EMR) analysis, in which a limited number of Z-spectrum intensities at large
frequency offsets (where no CEST contributions are expected) are used to estimate the
reference Z-spectrum of just DS and MTC effects (Zgmr)- The cleaner APT and NOE
results, called APT# and NOE?, can then be obtained by subtracting the experimentally
acquired Z-spectra from the calculated EMR spectra:

APT" = ZEMR( + 3.5ppm)-Z( + 3.5ppm), [4]

NOE* = ZEMR( - 3.5ppm)—Z( - 3.5ppm) . [5]

Quantitative APT MRI with the EMR approach has been shown to achieve more specific
APT signals in patients with brain tumors2L: 22 and strokes.32 However, depending on the
MTC background fitting approach, the NOE* signals may still contain some asymmetric
MTC in addition to the rNOE contributions. It is expected that quantitative APT MRI has
significance for improving the detection accuracy, but this still will have to be validated.
Finally, more quantitative image acquisition schemes33-37 are also being developed.
Crucially, the use of MR fingerprinting may achieve absolute CEST parameter quantification
for exchange rates and concentrations.38: 39
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APTw MRI Pulse Sequences

Clinical application of the APTw MRI approach requires fast volumetric imaging, either
multi-slice or three-dimensional (3D). Of these, 3D acquisition is preferred to minimize
differences in saturation losses caused by T, relaxation between slices.0 The most
challenging technical problems when designing clinical APTw MRI sequences are strict
limitations in RF amplifier duty cycle and pulse length and in specific absorption rate
(SAR).40-46 This has been addressed by three methods: pulse-train pre-saturation, pulsed
steady-state, or time-interleaved parallel RF transmission (pTX).#7: 48 (i) 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 recent clinical investigations.40: 41, 44-46 Notably, Zhu
et al.*0 developed a 3D APTw MRI technology (Fig. 2) that allows fast acquisition on 3T
clinical instruments, using four elements of 200 ms with 10 ms space in between (duty cycle
= 0.95) for gradient- and spin-echo (GRASE) imaging with adiabatic lipid suppression
pulses. The SAR of 1.2 W/kg is composed of about 0.8 W/kg from RF saturation and the
remaining from lipid suppression and the multiple refocusing pulses. This sequence has been
applied successfully to clinical studies at many sites. (ii) In the pulsed steady-state CEST
sequence,*9 the CEST effect is built up over multiple saturation pulses, and every short
saturation pulse is followed by a segmented imaging readout (including an excitation pulse).
(iii) To truly maximize the APT effect, a new RF saturation method, the time-multiplexed
saturation (alternation) of RF sources in parallel RF transmission (pTX, dual transmit here)
systems, was recently introduced by Keupp et al.#”- 48 By time-interleaving the two
channels, each with a 50% idle-time, one can achieve an arbitrary length of the pseudo-
continuous wave (CW) saturation pulse train. The combination of 3D APTw MRI with time-
interleaved pTX provides a fast and more sensitive 3D APTw imaging sequence, and is the

method used in the first commercial APTw imaging sequence on 3T clinical MRI scanners.
25

Currently, there are no consensus-based APTw MRI pulse sequence parameters available for
clinical MRI systems from different manufactures. When a RF saturation power (B1) of 2 uT
is used,?0 APTw signal is almost zero for normal brain tissue, due to the presence of a
negative MTR’ __(3.5ppm). In addition, the APTw signal should always be negligible in the

asym
cerebrospinal fluid. Thus, using this power and sufficient saturation time (0.8-2 sec), the
APTw images will be homogenous for most normal brain areas including the ventricles,
allowing detection of hyperintense APTw signals in high-grade tumors or hypointense
APTw signals in ischemic tissue. Using a rainbow color scale, this leads to a green
background with yellow/orange/red hyperintensities and blue hypointensities, convenient for
clinical assessment. A typical CEST MRI acquisition currently requires a relatively long
scan time of 5-10 min, due to the use of multiple RF saturation frequencies and multiple
acquisitions to increase the signal-to-noise ratio (SNR). Recently, several methods have been
developed to accelerate CEST/APT acquisitions. These can be classified into conventional
fast imaging techniques (such as GRASE*? and turbo-spin-echo®) and reduced k-space
acquisition techniques (including keyhole,>2 spectroscopy with linear algebraic modeling,>3
variably-accelerated sensitivity encoding,>* compressed sensing®®, and snapshot CEST>5)
that require more advanced data processing. We expect the combination of compressed
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sensing with time-interleaved pTX to become a powerful clinical volumetric APTw imaging
method.

APTw MRI Acquisition Protocols

To identify the APT effect, a full Z-spectrum is often acquired, followed by asymmetry
analysis. As the APT signal is known to maximize around 3.5 ppm, in principle, only limited
saturation images at and around +3.5 ppm need to be acquired. However, MTR asymmetry
analysis is complicated by By inhomogeneity, which causes frequency differences between
voxels. Any two-offset (3.5 ppm) APT technique is dependent on proper centering of the
water frequency and thus good By homogeneity, which can be problematic near air-tissue
interfaces. Thus, linear and 2"d-order shimming is always very helpful for APTw imaging.
To correct remaining Bg inaccuracies on a voxel-by-voxel basis, it is hecessary to acquire
multiple offsets around £3.5 ppm and a water frequency reference map (Fig. 3). As the
APTw effect in vivois often small (2~3% of the water intensity in tumors), multiple
acquisitions for each offset are often needed to increase the SNR to at least ~50:1. A recent
study showed that use of three offsets around £3.5 ppm and several acquisitions provided Bg
inhomogeneity-corrected APTw images of sufficient SNR.13

Water frequency mapping can be achieved using the water saturation shift referencing
(WASSR>’) method that provides sub-Hertz accuracy for spectral frequency alignment. In
this approach, a pulse sequence similar to the APT scan is used, but with low B4 and short
saturation duration (for example, 0.5 uT and 100 ms), which produces a Z-spectrum
dominated by direct saturation. Because the shape of this saturation line is a Lorentzian, the
water center frequency can be determined using either symmetry analysis'3 or Lorentzian
fitting.>® WASSR can be done much faster than APT due to lower power deposition (less
than 1 min). Corrections for By field inhomogeneity in CEST imaging can also be done with
gradient-echo methods.51 59 Notably, Keupp et al.89 81 developed a so-called CEST-Dixon
method that provides an intrinsic assessment of the By inhomogeneity during the APT
acquisition. Intrinsically referenced APT methods are more robust than separate By mapping
approaches, because the obtained homogeneity information reflects the magnetic field
during the actual APT acquisition. Note that Z-spectral acquisition at lower B4 values
provides an intrinsic By frequency reference through the well-defined water signal. At higher
fields, the homogeneity of the B, field becomes a concern. To address this, a combined
B1/By fitting approach was recently developed.52

Current Applications

Brain Tumors

Currently, the most used application of APTw MRI is for the study of brain tumors, where it
is starting to impact brain tumor detection, grading, the assessment of recurrent tumor versus
treatment effects, and the identification of tumor genetic markers. The added value of APTw
MRI in enhancing the non-invasive molecular diagnosis of brain tumors can potentially aid
in guiding brain tumor therapies, such as surgery, radiotherapy, and local chemotherapy.
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DETECTING TUMORS.—Standard MRI sequences (such as Tow, FLAIR, and Gd-T1w)
are not sufficiently tissue-specific and suffer from several limitations. For example, when
diagnosing malignant gliomas, Tow hyperintensity may represent both infiltrating tumor and
peritumoral vasogenic edema. Gadolinium enhancement reveals focal areas of malignant
gliomas where the blood-brain barrier is disrupted, but it does not show all infiltrating tumor
areas with high cellularity and proliferation or may enhance some low-grade tumors, leading
to erroneous diagnosis.®® Therefore, standard MRI is often inconclusive with regard to
actual tumor locations needed for successful surgery or other local therapies. There are
numerous ongoing investigations about the ability of functional and molecular MRI
approaches to assess brain tumor burden.54 The APTw MRI technology for imaging of brain
tumors was introduced in 2003.5° Data on several rodent tumor models (such as 9L
gliosarcoma, U87MG glioma, SF188/V+, and human glioblastoma xenografts from resected
tumors)®5-67 clearly showed that a high APTw signal is detected in tumors. APTw imaging
was applied to brain tumor patients 3 years later,13: 68 confirming increased APTw signal in
high-grade tumors (Fig. 4) relative to peritumoral edema and contralateral brain. Actually,
the hyperintense regions on APTw images are sometimes larger than the areas of contrast
enhancement on Gd-T1w images, but smaller than the abnormal areas designated as tumor
on Tow, Tqw, and FLAIR. Numerous studies from different institutions6%-74 indicate that
APTw imaging may add important value to brain cancer diagnosis.

A brain tumor is highly cellular, and many proteins are over-expressed compared to normal
brain tissue, which was the original hypothesis for APTw hyperintensity based on MR
spectra of perfused tumor cells.12 Theoretically, the APTw hyperintensity in glioma can be
caused by increased cytosolic protein content or increased intracellular pH.# In this respect,
it is worth mentioning that there was no correlation between the amide proton exchange rate
and extracellular pH measured in an exogenous contrast agent-based CEST experiment
(acidoCEST).” As shown recently,14 76 the increased protein content in the tumor is the
most likely explanation, because only a small intracellular pH increase (<0.1 unit) is often
detected. The results are consistent with increasing protein concentrations in malignant
tumors, as revealed by MRI-guided proteomics’” 78 and /n vivo MR spectroscopy.’® In any
event, an intracellular increase in pH would be synergistic for tumor detection. Note that
extracellular pH tends to be acidic due to lactate removal from the cell, 80 suggesting that the
proteins and peptides of interest for the APTw contrast are located predominantly inside the
tumor cell as the amide exchange rate reduces substantially at lower pH. Another possible
contribution to increased protein signal in malignant tumors is angiogenesis, as the blood
contains high concentrations of hemoglobin and albumin.

GRADING TUMORS.—The early clinical results on 3T clinical MRI scanners from
several labs?3: 81-88 show that APTw hyperintensity (either ring-like or nodular) is a typical
feature of high-grade gliomas (grade Il and IV). Gadolinium-enhanced MRI is limited in
that some high-grade gliomas (roughly 10% of glioblastomas and 30% of anaplastic
astrocytomas®?) demonstrate no gadolinium enhancement. In addition, gadolinium
enhancement is not always specific for tumor grade, as low-grade gliomas occasionally
enhance. Therefore, it is an important feature that, in cases with high-grade gliomas
without gadolinium enhancement, APTw-hyperintense foci are still clearly visible within the
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lesions.8 Notably, a recent study using APTw image-guided stereotactic biopsy by Jiang et
al.23 suggests that APTw imaging can identify high-grade regions within heterogeneous
gliomas, allowing more precise sampling of the highest-grade region of a tumor. On the
other hand, in patients with pathologically confirmed low-grade gliomas, including those
with gadolinium enhancement, APTw imaging shows iso-intensity or scattered punctate
hyperintensity within the lesion. These initial findings confirmed by different
researchers23: 81-88 indicate that APTw imaging for malignant brain tumors has the unique
potential to become a valuable imaging biomarker for separating high- from low-grade
gliomas and to detect high-grade tumors that do not show gadolinium enhancement or false
positive low-grade tumors that enhance.

DISTINGUISHING ACTIVE GLIOMA FROM TREATMENT EFFECTS.—A major
obstacle in the daily management of patients with malignant gliomas and many other
cancers is the inability of most currently available imaging techniques to accurately assess
tumor response to therapy.®? In a pre-clinical APTw MRI study of models of radiation-
induced necrosis in rats, Zhou et al.?2 showed that regions with radiation necrosis appeared
hypointense or isointense with respect to normal-appearing contralateral tissue. The
interpretation was that such necrotic lesions are associated with the absence of mobile
cytosolic proteins due to the loss of the cytoplasm and organelles, thus showing a low APTw
signal. When assessing radiation treatment in glioma models, the irradiated tumors appeared
to enlarge during the first several days post-radiation as judged from Tow MRI, while their
APTw signals gradually decreased. This and further studies have shown that APTw imaging
provides a unique imaging method for evaluation of tumor response to radiotherapy,92-94
chemotherapy,9® and high-intensity focused ultrasound therapy. %6

Several clinical studies have now confirmed the ability of APTw imaging to differentiate
recurrent tumor from treatment effects.24 97101 These early results demonstrate the
potential of APTw imaging in neuro-oncology, providing a noninvasive imaging biomarker
for distinguishing active tumor from radiation necrosis. For example, Zhou et al. applied a
3D APTw sequence to patients with clinically suspected tumor progression after
chemoradiation.®7: 98 |t was found (Fig. 5) that true progression was associated with APTw
hyperintensity, while pseudoprogression was associated with APTw isointensity to mild
hyperintensity. A recent radiographically guided stereotactic biopsy study showed that
APTw signal intensities were significantly higher in regions that represented active tumor
than in regions that represented non-active tumor, and that these two groups could be
separated with an 85.1% sensitivity and a 94.1% specificity.24 This further supports the
hypothesis that the APTw hyperintensity for active glioma can be used as a surrogate
biomarker to differentiate recurrent tumor from treatment effects. Currently, post-treatment
patients with suspected recurrence are often referred for repeated surgery to obtain
pathologic confirmation of active cancer, and APTw MRI may assist in the accurate
targeting of the most malignant regions of tumor during neurosurgical procedures in the
short term. Notably, APTw imaging has the potential to improve the non-invasive differential
diagnosis of these two pathologies. In the long term, this could potentially reduce the
necessity for repeated biopsies, thus avoiding the associated risks of complications.
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IDENTIFYING GENETIC MARKERS IN GLIOMAS.—The most recent 2016 WHO
classification of CNS tumors, in addition to histology, uses molecular markers such as
isocitrate dehydrogenase (IDH1/2) mutation and 1p/19q codeletion to define tumor entities.
102 These new guidelines address an unmet radiographic need, namely the ability to identify
genetic biomarkers preoperatively. Until now, MRS has been the only /n vivo method with
which to assess IDH mutation status through measurement of 2-hydroxyglutarate (2-HG)
levels.193 However, the MRS detection of 2-HG in IDH-mutant gliomas requires a large
tumor volume,194 and is time-consuming, which limits its clinical application. In two recent
retrospective studies, Jiang et al. have shown that the APTw signal has potential as an
imaging biomarker for identifying IDH mutation status in low-grade gliomas and MGMT
methylation status in high-grade gliomas.19%: 106 These preliminary APTw MRI results
showed that IDH-wildtype lesions were typically associated with relatively high APTw
intensities, compared to IDH-mutant lesions. This is consistent with lab research results,
showing global downregulation of protein expression in mutant IDH1-driven glioma cells,
compared to oncogenic HRAS IDH1-wild type glioma cells.1%7 These early findings,
together with some recent confirmatory results,198: 109 are very promising. If these APTw
results are validated in rigorous clinical studies, the pre-operative determination of genetic
biomarkers can potentially be done rapidly and non-invasively.

There are two major types of stroke: ischemic and hemorrhagic. The intrinsic nature of the
APTw MRI in terms of being pH sensitive and providing information about protein content
allows this contrast to be used to simultaneously assess pH changes during early ischemia
and the leakage of blood into tissue during hemorrhage.

DETECTING ISCHEMIC STROKE.—The only current treatment for ischemic stroke is to
remove blockages to brain tissue regions that are still viable, but at risk of infarction without
restoration of blood flow. These areas constitute what is commonly referred to as the
ischemic penumbra.11% Using MRI, a spatial mismatch between abnormal areas on
diffusion-weighted imaging (DWI; mostly, but not always progressing to infarction) and
perfusion-weighted imaging (PWI1) has long been proposed as a surrogate marker for
identifying an ischemic penumbra, but this concept has turned out to be flawed due to the
presence of oligemia in large parts of the mismatch.111-113 Because anaerobic metabolism
and acidification of tissue are considered the first sign of tissue at risk, it is expected that
APT-based pH imaging could provide the missing marker that can be used for subdividing
the DWI-PWI mismatch into areas of oligemia and acidosis, thus allowing more accurate
diagnosis and prognosis of acute stroke patients.14 Zhou et al.19 first demonstrated the
existence of pH-sensitive APT effects in a rat global ischemia model in 2003. They found
reduced MTRggym(3.5ppm) in postmortem brain, which was attributed to the slower
exchange induced by pH reduction. In the case of ischemia, the MTR,sym(3.5ppm) images
calculated from Eq. [3] have been called pH-weighted (pHw) images. By using 31P
spectroscopy for pH assessment (pH 7.11 /n vivo vs. 6.66 postmortem), they calibrated the
change in APTR in a global ischemia model to be:
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APTR =573 x10P1 =94 [6]

Using Eq. [6], an absolute pH image could be generated in the rat brain following permanent
middle cerebral artery occlusion (MCAO),10 correctly outlining an ischemic area in the
caudate nucleus with an average pH of 6.52 + 0.32 (n = 7). Sun et al. investigated the use of
pH-based APT MRI to detect an acidosis-based penumbra.115 They imaged adult rats with
different severities of permanent MCAO using multi-parametric MRI over the first 3.5 hrs
post-occlusion. In all rats, while the large MCA perfusion territory showed hypoperfusion on
cerebral blood flow (CBF) images, no T4 and T, changes were found during this period.
Notably, several animals showed negligible apparent diffusion coefficient (ADC) effects in
the hyperacute period, despite the presence of pH effects, confirming that pH changes occur
before ADC changes, as expected from the ischemic flow thresholds. Importantly, the pH-
based penumbra correctly predicted the infarcted region measured by Tow MRI after 24
hours. These data confirmed presence of a hypoperfused area with a decrease in pH without
an ADC abnormality, corresponding to an ischemic acidosis penumbra, as well as a
hypoperfused region at normal pH, corresponding to benign oligemia. APTw imaging of
permanent and reversible brain ischemic models has been intensively studied over the past
12 years, confirming these early established principles.116-123

These promising results stimulated efforts to translate this work to the clinic. 90 124-126 For
instance, in a recent prospective study of 12 patients with acute ischemic stroke, Harston et
al.125 showed that voxels within the ischemic core had a more severe intracellular acidosis
than hypoperfused tissue recruited to the final infarct (ischemic penumbra), which in turn
was more acidotic than hypoperfused tissue that survived (benign oligemia). Moreover,
when confined to the grey matter perfusion deficit, intracellular pH, but not CBF, differed
between tissue that ultimately infarcted and tissue that survived. However, contrary to the
brain tumor work, the effect size of the APTw MRI signal changes has always been quite
small and, although promising, never very convincing. Recently, it has become better
understood that this dilemma is due to the use of the MTR,sym(3.5ppm) approach, where the
APT and rNOE intensities are subtracted. While these two effects act synergistically and add
up in the APTw MRI contrast of brain tumors due to the considerable MTC asymmetry at
higher B1,20-22 they do not for pH assessment in ischemic stroke, where the pH dependence
of the rNOE effect compensates a part of the pH dependence of the APT signal. To address
this and illustrate the detrimental effect of the MTR,sym(3.5ppm) approach, Heo et al.32
performed a study in ischemic stroke patients using the EMR approach, confirming pH
effects in both quantitative APT# and NOE* images. Use of the more specific APT# images
showed a great enhancement of the APT MRI sensitivity to pH compared to conventional
APTw MRI (Fig. 6), allowing a more reliable delineation of the acidosis penumbra.32 It is
expected that the pH/diffusion mismatch will be better than the current standard of care
criteria (perfusion/diffusion mismatch) at identifying the true viable tissue area at risk of
infarction, i.e., the ischemic penumbra. This may help avoid unnecessary treatment, and
perhaps allow recommendation of stroke patients for treatment at longer times post-ictus,
even later than the current therapeutic window.
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DIFFERENTIATE ISCHEMIA FROM HEMORRHAGE.—Accurate early detection of
hemorrhagic stroke with neuroimaging is crucial for all stroke patients. In the clinic, this is
achieved with CT, but it has been demonstrated recentlyl2? that APTw MRI can also be used
to identify intracerebral hemorrhage (ICH) and to differentiate between ICH and ischemia at
the hyperacute stage in rat models. Notably, APTw MRI showed opposite contrast between
ICH (hyperintense compared to the contralateral brain tissue) and cerebral ischemia
(hypointense) at each time point during the hyperacute stage. In hyperacute hemorrhage, the
hematoma following vessel rupture consists of a collection of red blood cells (which are rich
in hemoglobin content), white blood cells, platelet clumps, and albumin-rich serum. It was
therefore concluded that the hyperintensity in the hyperacute hemorrhage APTw signal
reflects the presence of abundant mobile proteins and peptides. APTw hyperintensities in
blood have also been reported in pure blood samples and blood vessels28 and in many brain
lesions.67: 69. 129 Notably, APTw MRI has recently been applied to detect ICH at hyperacute,
acute and subacute stages in the clinical setting.139 These results suggest that APTw MRI
has potential to detect and distinctly differentiate hyperacute ICH from cerebral ischemia,
thus opening up the possibility of introducing to the clinic a single MRI scan for the
simultaneous visualization and separation of hemorrhagic and ischemic lesions at the
hyperacute stage.

Other Neurological Applications

Alzheimer’s disease (AD) is an age-related, non-reversible brain disorder characterized by
accumulation of extracellular amyloid plaques and intracellular neurofibrillary tangles. In a
recent study, Wang et al.13! tested the feasibility of APTw imaging for detecting cerebral
abnormality in AD patients and for discriminating patients with different disease severity.
Bilateral hippocampal APTw MRI showed a consistent trend of increasing hyperintensity
from controls to mild AD, to moderate—severe AD. The APTw values were significantly
negatively correlated with mini-mental state examination (MMSE) scores (right r = —0.602,
left r = —0.536, both P < 0.001). These preliminary results suggest that APTw imaging may
be valuable to detect early AD and to monitor the disease progression non-invasively.

Parkinson’s disease (PD) is a neurodegenerative disease characterized by a decreased
dopamine level in the dopaminergic neurons in the substantia nigra.132 The diagnosis of PD,
especially at an early stage, remains challenging. Li et al.133. 134 tested the feasibility of
APTw imaging in PD patients at a field strength of 3 Tesla (Fig. 7). In regions of the
substantia nigra and red nucleus, the APTw signal intensities were reduced in patients versus
normal controls (even though insignificantly for the red nucleus). Quantitatively, the CEST
signal intensities in the substantia nigra showed a consistent trend of lower hypointensity
from normal controls to early-stage PD, to advanced-stage PD. Moreover, for PD patients
with unilateral symptoms, the APTw intensities in the substantia nigra on the affected side
were significantly lower than those in normal controls.13° On the contrary, in regions of the
globus pallidus, putamen, and caudate, the APTw signal intensities were increased in PD
patients. It was hypothesized that the loss of dopaminergic neurons is associated with
reduced CEST signal in the substantia nigra of PD patients, while accumulation of abnormal
cytoplasmic proteins (such as a-synuclein) is associated with high APTw signal in some
other areas (such as striatum).136. 137 These and the AD results show that APTw imaging has
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potential as an imaging biomarker that could detect neurodegenerative disease and predict its
progression.

Multiple sclerosis (MS) is a neurodegenerative disease characterized by chronic
inflammation of the central nervous system and the occurrence of plague-like lesions in
multiple tissues, especially white matter due to demyelination that may later progress to
axonal damage.138 Preliminary reports of APTw MRI in MS patients in the brain!3° and the
spinel40 performed with different saturation settings showed great variability in the results
with increased APTw intensity found in some brain and spine lesions but an overall
histogram shift to lower APTw intensity in lesions of spine white matter. Increases in APTw
MRI were suggested to possibly be due to protein degradation increasing the content of
smaller mobile proteins, but the overall conclusion was that more studies are needed. The
investigation of magnetization transfer phenomena in MS is complicated by a reduction in
MTC due to demyelination and an overall reduction of Z-spectral intensity in lesions with
increased water content. So, future studies have to be carefully designed to rule out such
contributions.

Traumatic brain injury (TBI) may result in primary (such as contusion, hemorrhage, and
diffuse axonal injury) and secondary (such as cerebral ischemia, excitotoxicity, oxidative
stress, inflammation, and edema) injury cascades. In a recent study on adult rats subjected to
controlled cortical impact-induced severe TBI at 4.7T, Zhang et al.14! demonstrated unique
APTw MRI signal characteristics at different time points after injury (Fig. 8), which were
associated with ischemia (decreased pH due to tissue acidosis, showing hypointensity with
respect to contralateral normal tissue); hemorrhage (increased concentration of endogenous
mobile proteins and peptides, showing hyperintensity); or neuroinflammation (increased
inflammatory cell density, showing hyperintensity). Notably, unlike many currently used
advanced MRI techniques, APTw MRI can provide visual interpretation (not just statistical
differences in image analysis) for these key TBI pathophysiological features. Subsequently,
Wang et al.1#2 further examined the treatment efficacy of pinocembrin, a natural anti-
inflammatory and neuroprotective compound. They found that, at 3 days post-TBI, the
APTw signals in the ipsilateral cortex and hippocampus increased significantly in the TBI
group compared with the sham group, but significantly decreased in the TBI+pinocembrin
group, compared with the TBI group. Further immunofluorescence data showed a similar
trend. These early data suggest that the APTw signal could be a sensitive imaging biomarker
of neuroinflammation and an anti-inflammatory response in TBI that can potentially be used
to evaluate treatment efficacy objectively and reliably.

Challenging Issues and Controversies

There are several challenging issues for clinical APT-based imaging, some similar to
conventional MTC imaging. These issues include scanner RF amplifier constraints, SAR
requirements, long scan time, complicated contrast mechanism with multiple contributions,
data interpretation depending on the scan parameters used, and the possibility of By
inhomogeneity artifacts and lipid artifacts.
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Scanner Hardware

For APTw imaging on animal systems, RF saturation is typically applied using a CW block
pulse of several seconds to maximize effects. However, clinical MRI systems generally have
limited amplifier duty-cycles and saturation pulse lengths, especially due to the use of large
body coils for transmit.*9-46 Due to a lack of agreed upon standards between the research
community and manufacturers, current APTw and other CEST imaging protocols are
generally “works in progress” and vary substantially among different institutes, far from
being optimized, and the results acquired from different research centers are often difficult to
compare. Currently, the recommended RF power for APTw imaging of brain tumors is about
2 UT with a total RF saturation time of about 0.8-2 sec (possibly with inter-pulse delays) to
generate a homogeneous background signal for normal brain tissue (see above for the reason
of this choice).50 Without this, the proper APTw contrast may not be obtained, and results
may vary strongly with respect to published literature.43: 143

The ultimate goal for APT-based imaging is reproducible clinical use on a variety of MRI
systems from different vendors. Thus, there is an urgent need for industry and academia to
work together to develop this emerging technology into a clinically viable, easy-to-use,
optimized, and standardized approach. In this respect, it is encouraging to see that the recent
7t International Workshop on CEST Imaging featured a special session discussing
standardization involving the three main MRI vendors, illustrating that this is a high priority
for this community.144 The APTw imaging sequence is now available commercially as a
product sequence through one vendor,?® and we are looking into working with these vendor-
supplied sites to set up a clinical trial. The other vendors have “works in progress” packages,
which should be run with the optimized parameters mentioned above. Thus, more medical
centers will soon be able to utilize the technique in daily clinical practice and to explore new
applications on all fronts.

APTw MRI Signal Contributions

Many studies in animal models and humans have clearly shown that APTw signals are
higher in tumor core than in peritumoral edema and in normal tissue. Theoretically, APTw
imaging detects mobile proteins and peptides in tissue (such as cytosolic proteins, many
endoplasmic reticulum proteins, and secreted proteins’8), while conventional MTC detects
semi-solid macromolecules (including proteins and lipids). The physical mechanisms that
underlie conventional MTC imaging and APTw imaging have been compared recently.
With respect to mobile proteins and peptides, the composite CEST peak of finite width
around +3.5 ppm (namely, APT) is attributed to the backbone amide protons (Fig. 9). In
addition, guanidinium protons of protein side-chain arginine groups as well as creatine
contribute to another CEST peak at 2 ppm.®5: 145 It is important to understand that CEST
experiments detect only certain protons in certain proteins, depending on the water
accessibility and mobility. Therefore, total cellular protein concentration measurements are
not representative of what is measured in APTw experiments and thus should not be used to
interpret those results. Notably, as showed in a recent study using the rat 9L tumor model,’8
the total protein concentrations in the tumor and normal brain tissue were comparable, but
there was a significant increase in the assessed mobile protein concentration in the tumor,
based on the increased APTw intensity.
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The standard APTw MRI metric, MTRgsym(3.5ppm), is based on the mixing of multiple
contributions to the water Z-spectrum, each of which depends in magnitude on the
experimental saturation parameters (length, B4, and shape of the RF pulses, and the inter-
pulse spacing). In the brain, the downfield (high frequency, +Aw) side of the water Z-
spectrum consists of contributions of all exchangeable protons (CEST/APT), DS, and
semisolid tissue components (MTC), while the upfield (low frequency, —Aw) side, in
addition to DS, has aliphatic NOE-based signals of mobile (rNOE) and semisolid (MTC)
proteins and lipids. The relative contributions of these effects are a function of the pulse
sequence parameters and the magnetic field strength By, and, to make matters worse, these
effects mix when performing an asymmetry analysis. The principle that plays a role becomes
clear when looking at some data from a recent study2? in rat brain tumors using CW
saturation at 4.7 T (Fig. 9). At low power (0.6 uT) /n vivo, the sum of all upfield saturation
effects ("NOE+DS+MTC) in normal brain at 3.5 ppm is much larger than the sum on the
other side downfield with respect to water (APT+DS+MTC), while the magnitude of these
saturation effects in tumor is about comparable. The most likely interpretation is that the
semisolid MTC asymmetry due to myelin lipid chains is removed in the tumor due to white
matter being replaced with tumor cells. At relatively high power (2.1 uT) in vivo, the result
is about opposite in that the upfield saturation effect in normal brain at 3.5 ppm is
approximately equal to the downfield saturation effect, while the magnitude of these two
effects in tumor is very different. While the increased symmetric effect of DS at high B;
flattens the spectrum, we attribute the larger downfield saturation to the increased APT
effect, likely due to the contribution of relatively faster exchanging amide protons in proteins
and peptides.246 Thus, we may conclude that the MTRasym(3.5ppm) at low B has a large
contribution from the original tissue MTC asymmetry, while at higher power it is dominated
by the APT effect. Importantly, this interpretation was indirectly confirmed in an egg white
experiment,20 showing that rINOE and APT effects were about equal at 0.6 uT (giving
negligible asymmetry), while at 2.1 pT the effect of amide protons (and potentially
guanidinium and amine protons with broad resonances) was much higher than the rNOE.
Interestingly, the MTR,sym(3.5ppm) difference between tumors and normal brain tissue
remains about the same at different By (Fig. 9), but the signal origin is very different,
impacting the mechanistic interpretation when performing /n vivo experiments.

These differences in APTw contrast contributions as a function of experimental conditions
have led to some controversy in the literature when comparing results between labs that used
very different pulse sequences and parameters (particularly saturation time and power)43: 143
and sometimes data analysis approaches (see below). For instance, dominance of one type of
contribution (e.g., INOE/MTC asymmetry vs. APT) has sometimes been concluded in one
lab and the opposite in another, making the literature confusing and leading to scientific
arguments that can easily be avoided. Therefore, rather than generalizing conclusions in a
way that all APTw experiments seem equal, it is crucial to carefully document and discuss
the approaches used, thus allowing readers of these publications to better understand the
origin of the particular APTw contrast found and the approach-specific conclusions reached.
Based on the currently available literature for APTw MRI of tumors, we recommend using a
B4 of about 2 uT and a tg,; of 0.8 sec or more. Figs. 4-6 show some examples of these
parameters in a human study at 3T, confirming the minimizing of normal tissue and edema
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signal into the background and a strong tumor contrast. These saturation parameters were
also used in the validation studies with APTw MRI-directed biopsies.23: 24 For other
applications, the optimal parameters and analysis approaches are still under development.

Quantification Methods other than MTRasym(3.5ppm)

There are several definitions and representations of the APTw effect. In addition to
MTRgsym(3.5ppm), MTR (3.5ppm), a normalization by the reference scan, Sgy(—3.5ppm)

asym
instead of Sy, is also used, 1 147 which leads to larger values. In an effort to more
specifically assess the APT effect, several alternative post-processing approaches have been
proposed.2l: 22, 26-31 Most of these either use the Bloch-McConnell equations?t: 22: 26, 27 or
a sum of multiple Lorentzian shapes28-30 to fit out background signals from DS and MTC
and to study the remaining CEST-based signals, including APT and rNOE contributions.
One of these data analysis approaches, EMR analysis (Egs. [4] and [5]),2% 22 tries to
estimate background DS and MTC contributions based on extrapolating Z-spectral signals
from outside the liquid-phase proton spectral range. Such background removal approaches
seem more specific. For instance, they are more appropriate for studying ischemia to avoid
partial cancelling of two pH-dependent signals (APT and rNOE).32 Outside the brain, the
MTRgsym(3.5ppm) approach suffers from artifacts from the upfield fat signal at -3.5 ppm.
The background removal approaches also overcome this limitation, allowing possible
imaging of prostate and breast cancers.

The original APTR analytical expression (Eg. [1]) under the weak saturation pulse
approximation suggests that APTR depends on T4,y linearly. This raises the concern of
whether there is a need to normalize the Ty, effect in APTR.151. 152 |n this respect, it is
important to assess how the APT effect in tissue under the used experimental condition
depends on the water proton content and Ty,. A recent preclinical study at 4.7 T (a B of 1.3
T and a tg; of 4 sec)’8 demonstrated that even though both the water content and the Ty,
increased in the tumor compared to the normal brain tissue, the ratio Tqy,/[water proton]
remained nearly unchanged. This means that the effect of the increasing T;,, on the
measured APTw signals was mostly canceled out by the effect of the increasing water
content in the tumor, as pointed out in the early APTw study.10 Further, two recent numerical
simulation studies'4® 149 have clearly demonstrated that the MTRgsym(3.5ppm) signal
increase with Ty, at low By (<1 uT), is roughly insensitive to Ty, at intermediate B
(1.5-2.5 uT), and even slightly decreases with Ty, at high B; (>3 uT), a complicated non-
linear relationship because of complicated differential equations. These authors concluded
that it may not be necessary to correct for the influence of T4, on APT- and NOE-based
imaging of gliomas with the recommended saturation parameters (B; = 2 uT and tgg; = 0.8-2
sec) for clinical 3T MRI systems.

Recently, two alternative CEST metrics have been defined: MTRRgex (subtraction of inverse
Z-spectra to correct for effects from DS and MTC)%0 and AREX (apparent exchange-
dependent relaxation to remove the influence of the T4, contribution):151. 152

MTRy, = 1/Zy~1/Z,  [7]

Rex

J Magn Reson Imaging. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 16

AREX = MTRy, /T, 8]

It is important to compare these terms with Eq. [1]. Dividing by T4y, would make it
independent of the transfer process and not a real CEST effect, but instead something like an
exchange rate. More importantly, similar to MTR,sym(3.5ppm), it is necessary to evaluate
whether the MTRRey signal in tissue depends on Ty, linearly (an extreme case achieved
typically when there is no significant DS effect); otherwise, the AREX procedure will
unavoidably introduce an extra Ty, effect that changes the contrast for malignant tumors.
Indeed, it has been reported in two recent studies'52: 153 that the use of the AREX metric led
to the disappearance of the tumor contrast (AREXymor ¥ AREXormal)- However, this
alternative contrast could also have some unique uses and certain advantages that have to be
proven in more extensive patient studies.

Confounding APTw MRI Signal Contributions: Artifactual and Real

Similar to other MRI sequences, APTw MRI is prone to some confounding signal
contributions that may mislead and confuse its interpretation. These may have an origin in
technical details or even the tissue components under investigation. From a technical point
of view, By inhomogeneity remains a critical issue in APTw imaging. The APTw signal is
usually measured by the MTR asymmetry analysis between signal intensities of £3.5 ppm
with respect to the water frequency. As a consequence, the quality of APTw imaging greatly
depends on the By homogeneity over the volume imaged, which affects the water resonance
position. At 3 T,40 the By field inhomogeneity typically is less than 20 Hz in the relevant
brain regions, but could be more than 100 Hz near air-tissue interfaces (sinus, ear). This By
field inhomogeneity may cause artifacts in the APTw images, most of which can be removed
inside the brain through the realignment of the water center frequency,3 but some signal
hyper- and hypo-intensities are sometimes found around the brain and in the skull (Figs. 4—
6), which should not be confused for APTw effects.

APTw MRI signals are generated from water-exchangeable amide protons in mobile proteins
and peptides in living tissues (i.e., those in the cytoplasm, blood, or other body fluids). Thus,
areas of large liquefactive necrosis, hemorrhage, or large vessels would typically
demonstrate high APTw signals.67: 69129 |t js particularly important to note the
inconsistency of APTw signal intensities of coagulative necrosis and liquefactive necrosis in
the central regions of malignant gliomas, as identified by Tow and FLAIR images.23
Coagulative necrosis is characterized by the formation of a gelatinous (gel-like) substance in
dead tissues. Liquefactive necrosis is characterized by the digestion of dead cells to form a
viscous liquid mass, showing Tow hyperintensity and substantially suppressed water signals
on FLAIR images. It is expected that the proteins and peptides are prone to higher mobility
in the microenvironment of liquefactive necrosis. The consequentially increased
concentration of mobile proteins and peptides results in hyperintensity on APTw image. On
the other hand, coagulation necrosis largely restricts the mobility of proteins, leading to
hypointensity on APTw images, which is similar to proteins in cooked egg white, showing
almost zero APT effect.154 Furthermore, the intra-tumoral vessels in low-grade gliomas
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always demonstrate hyperintensity on APTw images, 195 which highly resembles the
hyperintensity from the malignant tumors. The scenario is similar to liver,15% where the
intrahepatic portal system and hepatic arteries always show hyperintensity on APTw images.
In both cases, the mobile proteins in the blood generate strong endogenous APTw contrast as
inherent problems. Fortunately, the areas of large liquefactive necrosis, hemorrhages, or
large vessels are often evident on standard structural MRI sequences (such as Tow, FLAIR,
and Tyw). When reviewing APTw images, referring to routine structural MR images to
identify “hyperintensity artifacts”, such as liquefactive necrosis, cysts, hemorrhages, and
vessels, is necessary for accurate interpretation. In addition, angiogenesis is often a hallmark
of malignant tumors and the contribution of tumor vessels to APTw hyperintensity can be
seen as natural.

Conclusions

APTw MRI is a newly emerging molecular imaging technique that is based on mobile
endogenous proteins and peptides in tissue and does not require exogenous contrast agent
injection. The technique has been validated based on biopsies for clinical neuroimaging of
brain tumors, and is showing promise for many other applications, including but not limited
to imaging of ischemic and hemorrhagic stroke, AD, PD, MS, and TBI. Several challenging
technical issues for clinical APTw imaging include scanner hardware constraints,
complicated contrast mechanism with multiple contributions, and the possibility for By
inhomogeneity artifacts and lipid artifacts. In addition, differences in APTw pulse sequences
and data processing strategies may complicate the reproducibility and comparison of results
between hospitals. It is thus essential to understand the limitations of these techniques in
order to accurately interpret the results. For the clinician to be able to use this methodology
without needing to worry about such issues and to achieve consistency between different
hospitals, it is important that the manufacturers implement an automated version of APTw
MRI based on comparable parameters. For brain tumors, we recommend the use of By = 2
UT and a total saturation time (with interpulse delays if needed) of 0.8-2 sec followed by By
correction and asymmetry analysis. For other diseases, acquisition and analysis approaches
still need to be further optimized. It will be up to the MRI manufacturers to collaborate with
the research and clinical communities to make sure that this will be done in a reliable and
easy-to-use manner.
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Figurel.
a: CEST/APT detection enhancement principle. The small pool (s) reflects dilute

exchangeable amide protons (at ~3.5 ppm downfield of the water resonance) of mobile
proteins, and the large pool (w) reflects bulk water protons. The RF irradiation selectively
saturates/labels exchangeable protons in pool s, which subsequently exchange with
unsaturated protons of pool w (rate kgy). b: Z-spectra and MTRgym spectra for tumor,
peritumoral edema and contralateral normal brain tissue in a 9L tumor rat brain model (n =
5). Compared to the peritumoral edema and contralateral normal brain tissue regions, there
is a substantial increase in the tumor MTR,sym over the 2-3.5 ppm offset range. Reproduced
with permission from Zhou et al., Magn Reson Med 2003;50:1120-6.
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a: 3D APT imaging sequence with gradient- and spin-echo (GRASE) readout. The sequence
consisted of 4 block saturation pulses (200 ms each, 2 uT), a frequency modulated lipid
suppression pulse, and 3D GRASE image acquisition. b: pTX-based, time-interleaved 3D
TSE APT sequence. The RF saturation (ts5; = 2 sec) consisted of 40 time-interleaved block
pulses on two RF transmit channels (50 ms duration each; 2 uT amplitude). Reproduced
with permission from Zhu et al., Magn Reson Med 2010;64:638-44.
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a: Six-offset APT data acquisition protocol with shimming typically up to the second order.
During the APT data acquisition, extra offsets (+3, +4 ppm) are acquired to correct for the
residual By inhomogeneity. b: APT data processing flow chart. The procedures include the
generation of By shift map and correction of APT data using By map. Reproduced with

permission from Zhou et al., Magn Reson Med 2008;60:842-9.
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Figure 4.
a: APTw and conventional MR images for a patient with a glioblastoma. APT-weighted

image shows hyperintensity in the gadolinium-enhancing area (red arrow) and in the
centrally cystic area (back arrow), compared to the contralateral brain area. b: APTw and
conventional MR images for a patient with a multi-focal grade-3 anaplastic astrocytoma.
APT imaging shows that the tumor cores are hyperintense. c: APTw and conventional MR
images for a patient with a low-grade glioma. APTw image shows isointensity in the lesion,
compared to the contralateral brain tissue. Areas of gadolinium enhancement, FLAIR
hyperintensity, and APTw hyperintensity are unique from one another, and APTw imaging
adds new information to the standard MRI techniques. Red arrow: tumor core; orange arrow:
peritumoral edema. The APTw scan time is 8 min 10 sec. Three of 15 slices are shown. (a
and c¢) Reproduced with permission from Zhou et al., J Magn Reson Imaging 2013;38:1119-
28.
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Figureb5.
a: Conventional and APTw MRI and histology from a patient with tumor progression. The

gadolinium-enhancing areas on Gd-T,w were hyperintense on the APTw images, compared
with the contralateral brain area. H&E-stained section demonstrated spindle mesenchymal
cell proliferation with segregated glial cells. b: Conventional and APTw MRI and histology
from a patient with the clinical diagnosis of pseudoprogression. The gadolinium-enhancing
lesion appeared isointense on APTw, with punctate APTw hyperintensity scattered within
the lesion. H&E-stained section showed large necrosis with scattered dying tumor cells and
inflammatory cells. For APTw images (display window —5% to 5%), 15 slices were
acquired, and only one is shown. Reproduced with permission, and with the addition of
pathology images, from Ma et al., J Magn Reson Imaging 2016;44:456-62.
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Figure 6.
APTw imaging of an acute stroke patient with right MCA occlusion (<7 hrs from symptom

onset) using the MTR asymmetry analysis and EMR approaches. APT# and NOE* showed
much clearer ischemic contrasts than MTR,sym(3.5ppm). Reproduced with permission from
Heo et al., Magn Reson Med 2017;78:871-80.
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Figure7.
Comparison of the average MTRasym(3.5ppm) signals of the substantia nigra, red nucleus,

globus pallidus, putamen, and caudate for Parkinson’s disease (PD) patients (n = 27) and
normal controls (n = 22). In regions of the substantia nigra and red nucleus, the
MTRasym(3.5ppm) signals were reduced in PD patients, compared to normal controls. In
regions of the globus pallidus, putamen, and caudate, the MTRasym(3.5ppm) signals were
increased in PD patients, compared to normal controls. Reproduced with permission from Li
et al., Eur Radiol 2014;24:2631-9.
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Figure 8.
A typical example of Tow and APTw images of TBI in a rat at different time points. Green

arrows: ischemia; red arrows: hemorrhage; blue arrows: inflammatory response (increased
inflammatory cell density). Reproduced with permission from Zhang et al., J Cereb Blood
Flow Metab 2017;37:3422-32.
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Figure. 9.

Average Z-spectra and MTRasym spectra of brain tumors and contralateral normal brain
tissue in a rat 9L gliosarcoma model (n = 8) at 4.7T obtained at three different RF saturation
powers and tg;; = 4 sec. a: Regions of interest (ROIs) for the image analysis defined on an
MT-weighted image at 6 ppm. b, ¢: By = 0.6 uT. The downfield Z-spectra of the tumor and
contralateral normal brain tissue are both higher than the corresponding reflected Z-spectra.
d,e B; =13 pT.f,g: By =2.1 uT. At 3.5 ppm (use green dashed vertical guideline), the
tumor Z-spectrum is lower than the corresponding reflected Z-spectrum, while the
contralateral downfield Z-spectrum is about equal to the corresponding reflected Z-
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spectrum. Reproduced with permission and with some additions from Zhou et al., Magn.
Reson. Med. 2013;70:320-327.
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