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A novel MRI contrast is proposed which enables the selective detection of endoge-
nous bulk mobile proteins in vivo. Such a non-invasive imaging technique may be of
particular interest for many diseases associated with pathological alterations of pro-
tein expression, such as cancer and neurodegenerative disorders. Specificity to mobile
proteins was achieved by the selective measurement of intramolecular spin diffusion
and the removal of semi-solid macromolecular signal components by a correction pro-
cedure. For this purpose, the approach of chemical exchange saturation transfer
(CEST) was extended to a radiofrequency (RF) irradiation scheme at two different fre-
quency offsets (dualCEST). Using protein model solutions, it was demonstrated that
the dualCEST technique allows the calculation of an image contrast which is exclu-
sively sensitive to changes in concentration, molecular size and the folding state of
mobile proteins. With respect to application in humans, dualCEST overcomes the
selectivity limitations at relatively low magnetic field strengths, and thus enables
examinations on clinical MR scanners. The feasibility of dualCEST examinations in
humans was verified by a proof-of-principle examination of a brain tumor patient at
3 T. With its specificity for the mobile fraction of the proteome, its comparable sen-
sitivity to conventional water proton MRI and its applicability to clinical MR scanners,
this technique represents a further step towards the non-invasive imaging of proteo-

mic changes in humans.
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1 | INTRODUCTION

Chemical exchange saturation transfer (CEST) MRI has emerged as an important contrast mechanism for the detection of low concentration sol-
utes, such as proteins or small metabolites in living tissue.>™> CEST exploits the spontaneous chemical exchange of protons in order to indirectly
detect the solutes via the abundant water proton signal. This is realized by a frequency-selective pre-saturation of chemically exchanging protons
in solutes and a subsequent fast MRI readout of the water signal. The indirect detection generates a signal amplification enabling, in principle,
high-resolution imaging of solutes with a sensitivity comparable to normal water proton MRI.

10-15 "pidslé,17

However, in living tissue diverse CEST signals of different cellular compounds, such as proteins,‘l”9 small metabolites, and semi-

solid macromolecular structures,*-2°

spectrally overlap in the Z-spectrum (Figure 1B). Moreover, CEST signals depend on the rate of chemical
exchange, which in turn is determined by various physiological parameters, in particular pH and temperature.®>2222 On the one hand, this
multi-parametric dependence makes CEST a valuable imaging technique with the potential to depict a wide range of physiological processes,
but, on the other, the numerous parameters are also a strong drawback in terms of specificity. Although specific adjustments of the CEST pulse
scheme (e.g. tuning of the pre-saturation amplitude B; or the interpulse delay tg) allow the design of exchange rate filters>*2¢ that highlight the
signal component of one specific compound, to date a selective detection without contributions from other cellular compounds has not been
possible. The introduction of specificity has become one of the most important issues in the research field of CEST-MRI.

Here, we present a novel CEST-based technique - dual-frequency irradiation CEST (dualCEST) - that allows the selective detection of
endogenous bulk mobile proteins in vivo. Specificity of the dualCEST signal is achieved by the introduction of a novel dimension of selectivity:
the detection of the coupling between different CEST signals (Figure 1B). As only mobile proteins possess individual resonances of significant
amplitude on both sides of the Z-spectrum that are coupled via a magnetization transfer pathway, exceptional specificity can be achieved by
taking advantage of this trait. Signal contributions from the comparatively broad resonance of the semi-solid magnetization transfer (ssMT)
can be removed by a correction procedure. Pre-saturation at two different frequency offsets, Aw and Awc, was realized by an alternating
radiofrequency (RF) irradiation scheme (Figure 1A).

The terminology ‘bulk mobile proteins’ is a combination of the specificity of the dualCEST technique to the collective signal of all proteins and
the separation of MR signals by their mobility (for a detailed explanation, see the Discussion section). The bulk mobile protein signal comprises
mainly cytosolic proteins, many endoplasmic reticulum proteins and secreted proteins.® Although the detection of specific protein species is
not feasible by this means, the bulk mobile protein signal is expected to be a valuable marker for diseases that are associated with profound
alterations of the proteome. Bulk mobile proteins are generally assumed to be the main source of the prominent amide proton resonance at
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FIGURE 1 The dual-frequency irradiation chemical exchange saturation transfer (dualCEST) approach. (A) Scheme of the pulse sequence. (B) Z-
spectrum of ex vivo porcine brain tissue homogenate (B4 = 0.75 uT, By = 14.1 T). The subdivision of the Z-spectrum into contributions of different
cellular compounds is an estimation. dualCEST detects the coupling of different CEST signals, allowing the selection of signals of bulk mobile proteins
(orange) from the background of other cellular compounds: metabolites (green), lipids (gray), semi-solid macromolecular structures (purple) and
water (blue)
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Aw = +3.5 ppm or the relayed nuclear Overhauser effect (rNOE)-CEST signal of aliphatic protons at around Aw = -3.5 ppm.®816:17:27-32 Thege

two signals have already been shown to allow the diagnosis of several diverse diseases and to provide decisive information for ongoing therapy.
Especially with respect to cancer, CEST imaging at Aw = £3.5 ppm has enabled the assessment of tumor malignancy,®® the differentiation between

3435 and the detection of disrupted blood-brain barriers without the application of contrast media.”

radiation necrosis and tumor progression
Although the value of the amide and aliphatic proton signal has been demonstrated in diverse studies, nevertheless, the underlying origin of
the contrast is not completely understood. The technique of dualCEST represents a unique opportunity to determine the actual contribution of
mobile proteins to CEST signal changes in pathological tissue, which may lead to new insights into diseases on a molecular level.

This study comprises the introduction of the dualCEST contrast mechanism, a comprehensive optimization of technical parameters, an
analytical model of the observed signal, an experimental verification of its specificity to mobile proteins in vitro and a proof-of-principle demon-
stration of its applicability in vivo. A detailed analysis of the diagnostic value of the method will be addressed in a future study. With respect to
examinations in humans, the exceptional specificity of the presented technique evades the ultra-high static magnetic field strengths Bo > 7 T that
are required for the adequate separation of individual resonances in conventional CEST-MRI, thus allowing its straightforward application on
clinical MR scanners (B < 3 T). Hence, dualCEST enables the selective detection of endogenous bulk mobile proteins at clinical magnetic field

strength, providing the potential to be a valuable diagnostic tool to detect aberrant proteomes in vivo.

2 | MATERIALS AND METHODS

2.1 | Model solutions

In total, 42 model solutions containing varying amounts of globular proteins, sodium dodecyl sulfate (SDS), creatine, carnosine, lipids and tissue
homogenates were prepared. A detailed list of all experimental parameters is presented in Supporting Information Table S1. Unless otherwise
specified, model solutions were buffered at pH 7 using phosphate-buffered saline (PBS). Final pH values were checked by means of a calibrated
pH electrode, and deviations from pH 7 (e.g. in the case of high solute concentrations) were corrected using NaOH or HCI. All model solutions
were pipetted from highly concentrated stock solutions to ensure the precise adjustment of different concentrations. Samples containing
ex vivo tissue components were continuously chilled on ice before measurement. Protein-free brain lipids were extracted from mouse brain tissue
with tetrahydrofuran, filtered and lyophilized for liposome preparation (size, 120 nm) throughout sonication. Tissue homogenates were obtained

from white matter porcine brain tissue and prepared as described in previous studies.’”

2.2 | Subjects

One 57-year-old male patient with newly diagnosed and histopathologically proven glioblastoma (grade 1V) was examined before therapy. This
study was approved by the local ethics committee of the Medical Faculty of the University of Heidelberg and is in accordance with the relevant

guidelines and regulations. Written informed consent was received from the patient prior to the examination.

2.3 | CEST spectroscopy

Model solutions were examined on 14.1-T (600 MHz for *H) Avance Il and 9.4-T (400 MHz for *H) Avance Ill narrow-bore spectrometers (Bruker
BioSpin, Karlsruhe-Rheinstetten, Germany). A 5-mm or 8-mm probe was used for RF irradiation and signal acquisition. To avoid radiation damping,
the probes were operated detuned. The temperature of the samples was stabilized at 25 or 37°C using the internal heating and cooling device. For
conventional CEST measurements, pre-saturation at Aw was achieved by Gaussian-shaped RF pulses of mean amplitude B, = flip angle/(y-t,),
length t, and duty cycle DC = t,/(t, + tq). In the case of dualCEST, an additional Gaussian-shaped RF pulse (Awc) of the same amplitude and length
was centered in the middle of the interpulse delay t4 (Figure 1A). A detailed list of all experimental parameters is presented in Table S1. The overall
duration of the pre-saturation period t.,; complied with the criterion for steady-state measurements, t.,; > 3-4T4ops, With the observed longitu-
dinal relaxation time of water Tiops.2° Z-values were calculated by integration of the water resonance in the range of +0.45 ppm (M) and
normalized with the equilibrium magnetization (Mg): Z = Mg,t/Mo. To compensate for systematic signal fluctuations (i.e. caused by the signal
amplifier or receiver), My was acquired at different time points and interpolated to obtain an individual Mg for each pre-saturation cycle. Conven-
tional Z-spectra were sampled at 118 frequency offsets in unequal steps between +150 ppm. Isolated CEST signals, compensated for direct water

saturation effects (spillover dilution), ssMT and water relaxation properties, were calculated at each frequency offset Aw using the apparent

Réogs . (L - ;> The observed longitudinal relaxation rate of water

exchange-dependent relaxation (AREX) evaluation®®: AREX(Aw) = 70w)  Ze(bw)
ref

1 . . . . L
R1obs =7 was measured using a saturation-recovery sequence. The reference spectrum Z..s was estimated by a multi-parametric fit:
1lobs

Zef = 1-Y;L;, where L; are Lorentzian-shaped functions representing the direct water saturation and ssMT. To avoid contributions from CEST
signals, as well as to take into account the broadening of the direct water saturation as a result of a pulsed pre-saturation, data points in the range

from +£10 to +0.5 ppm and in between +0.2 ppm were excluded from the fitting procedure. Conventional asymmetry analysis (based on non-fitted
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data) was performed by: MTR,oym(Aw) = Z(-Aw) - Z(Aw). Depending on the CEST signal strength of the respective evaluation method, measure-

ments were repeated several times (Table S1).

24 | DualCEST MRI

In vivo measurements were performed on a 3-T (123.26 MHz for *H) whole-body MR-PET tomograph (Biograph mMR; Siemens Healthcare
GmbH, Erlangen, Germany) using a custom-developed CEST pulse sequence based on a two-dimensional Half Fourier Acquisition Single Shot
Turbo Spin Echo (HASTE) readout and a 16-channel Siemens mMR Head/Neck A Tim Coil. M, images (matrix, 128 x 102; resolution,
1.88 x 1.88 x 5 mm?®) were acquired after pre-saturation with 84 pairs of Gaussian-shaped RF pulses at Aw and Awc of By = 2 uT, t, =20 ms
and DC = 28%, leading to t.,; = 6 s. All images were corrected for motion artifacts by an intensity-based image registration. Analogous to CEST
spectroscopy, several My images were acquired at different time points and interpolated to yield an individual Mg for each Z-image. To increase
the signal-to-noise ratio (SNR), Z-images were averaged over 18 acquisitions and smoothed by a Gaussian kernel (o = 1 pixel). The final dualCEST
contrast (Equation 2) was corrected for B, inhomogeneities by means of the one-point ‘contrast-correction’ method as described in a previous
study.” By and B; were determined by the simultaneous mapping of the water shift and B; (WASABI)*® approach using the same CEST pulse
sequence with adjusted pre-saturation parameters. Ti.,s Mapping was achieved by fitting T,ps-weighted images of a saturation recovery
HASTE sequence. In total, the overall measurement time was approximately 22 min, comprising 18 min of dualCEST, 2 min of WASABI and
2 min of Tqops Mapping.

To investigate the influence of By, the same dualCEST pulse sequence was implemented on a 7-T whole-body MR tomograph (MAGNETOM
7 T; Siemens Healthcare GmbH), but based on a two-dimensional gradient echo (GRE) readout.

3 | RESULTS

3.1 | The dualCEST approach

To demonstrate the concept of the dualCEST approach, a mobile protein solution containing bovine serum albumin (BSA) was investigated.
DualCEST detects the MR signal of water after alternating RF irradiation at two different frequency offsets, Aw and Awc (Figure 1A). This allows

the simultaneous sampling of the conventional Z-spectrum as a function of Aw while constantly saturating CEST signals at Awc (Figure 2A). For a
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FIGURE 2 Isolation of the saturation crosstalk. (A) Z-spectra of a mobile protein solution containing BSA (B; = 0.45 uT, By = 14.1 T) with and
without constant saturation at Awc. (B) Isolated CEST signals calculated by the AREX evaluation. The saturation crosstalk Tp,(Aw) (red dots) is
defined by the difference between the two AREX spectra
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detailed analysis of the influence of the constant saturation, the CEST signals of proteins were separated from the direct water saturation

(Aw = 0 ppm) by the AREX evaluation®® (Figure 2B). Constant saturation at Awc = —3.0 ppm led to a significant reduction in protein CEST signals
on the opposite side of the water resonance (Aw > 0 ppm). Hence, protein CEST signals in the positive and negative frequency region are coupled
via a magnetization transfer pathway. The amount of magnetization transfer between two particular frequency offsets - in the following, termed
as saturation crosstalk T, (Aw) - can be quantified by subtraction of the AREX spectra. Quantification by simple subtraction of the two spectra is
justified because of the linearity of CEST signals using the AREX evaluation. Remarkably, for mobile proteins, the saturation crosstalk is on the
order of 30-40% of the conventional AREX spectrum, demonstrating the potential for its application in vivo. The observed saturation crosstalk
is attributed to intramolecular spin diffusion®® between dipolar-coupled protons. Spin diffusion is also known to mediate the intramolecular
magnetization transfer of rNOE-CEST signals, which have been studied extensively in the past few years.1¢17:2640

Rearrangement of the mathematical expression for T allows the calculation of the saturation crosstalk without the need for prior AREX

evaluation (Supporting Information Figure S1):

R1obs . 1 1 1 1

DC  |Zort(B0) | Znw (0Ff) Zawe (Bw) Zogs(off) ()

Tch (Aw) =

where Zp,(Aw) is the Z-value after saturation at Aw and Awc, and the far off-resonant frequency offset, off = 150 ppm, which is synonymous
with disabling of the saturation. This calculation has the advantage that T, (Aw) can be determined without the need for the estimation of
the direct water saturation by a fitting procedure. Consequently, the saturation crosstalk between two particular frequency offsets is characterized
by only four Z-values (Equation 1), allowing a fast and direct acquisition which is crucial for application in vivo.

In order to maximize the dualCEST signal, its dependence on several technical parameters was investigated. T monotonically increases as a
function of the saturation duration and reaches steady state at t,; = 3-T1ops (Figure 3B). Furthermore, T is effectively independent of the DC
(Figure 3D), in compliance with the AREX evaluation. An unexpected observation is the increase in T for shorter pulse lengths t, (Figure 3F), which
thereby provides a simple means to amplify the dualCEST signal. A detailed explanation of this effect is provided in the Discussion section.
Remarkably, an increase in T can also be observed for decreasing magnetic field strengths (Figure 3J), thus enabling the application of the dualCEST
technique on clinical MR scanners. In addition, B, can be increased to amplify the dualCEST signal (Figure 3H). The monotonic increase is again in
coherence with the AREX evaluation. For further investigations on the 14.1-T MR spectrometer, t, = 7.8 ms and B, = 1.5 uT were used, which are
optimal in terms of maximizing the signal strength while avoiding an excessive broadening of signals.

The advantage of the dualCEST approach in comparison to conventional CEST is that it provides a novel dimension of selectivity. As dualCEST
detects the coupling between two different CEST signals, selectivity to compounds that exhibit more than one resonance in the Z-spectrum can be
achieved. Consequently, by setting the two frequency offsets to the positive and negative regions (Aw > 0 and Awc < 0 ppm), the dualCEST signal
is selective to mobile proteins because only mobile proteins offer individual resonances of significant amplitude on both sides of the Z-spectrum
(Figure 1B). However, as the comparatively broad resonance of ssMT also ranges from positive to negative frequency offsets, a contribution to
the dualCEST signal from macromolecular structures can be expected. To retrieve the isolated signal of mobile proteins, a correction method

has to be applied.

3.2 | Correction for signals of semi-solid macromolecular structures

To investigate the dualCEST signal of mobile proteins in the presence of semi-solid macromolecular structures, an ex vivo tissue homogenate
derived from porcine brain was prepared. The corresponding dualCEST spectrum obtained with similar sequence parameters as in Figure 2
(Awc = -3.5 ppm) exhibits a comparatively broad saturation crosstalk with a spectral width larger than 10 ppm (Figure 4B, red line). Hence,
the acquired signal comprises, in addition to signals of mobile proteins, a component originating from semi-solid macromolecular structures.
To extract the superimposed signal of mobile proteins Tpotein, the selectivity of the dualCEST approach was utilized (Figure 4A): By shifting
the constant saturation frequency off-resonance from mobile protein signals while remaining on-resonance for the ssMT (Awc = -10 ppm),
the spectral profile of the underlying ssMT component can be sampled in an isolated manner (Figure 4B, magenta line). The actual amplitude
of the isolated saturation crosstalk of semi-solid macromolecular structures T\ (Figure 4B, black line) is determined by scaling the spectral
profile by the factor T_35(+10)/T_10(+10) (Figure 4B, gray circles). This calculation is not an estimation but can be derived analytically (Supporting
Information Figure S2). It is important to note that the correction method is also independent of the ssMT line shape, allowing application even in
the case of an asymmetric ssMT. Overall, the isolated signal of mobile proteins in the presence of semi-solid macromolecular structures can be
determined by:

T-3,5(+10)
T-10(+10)

Tosmt

Tprotein (A(.l)) = T,3_5(Aw) - . T,lo(Aw) (2)

Equation 2 enables the application of the dualCEST approach to investigate alterations of bulk mobile proteins in living organisms. For the
calculation of Tprotein, altogether nine Z-values are required, which leads to about a doubling in the acquisition time compared with the uncor-

rected signal (Equation 1). However, a fitting procedure is still not required, allowing the fast determination of Tpotein in vivo without the need
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to sample an entire spectrum at various Aw. The absence of signals Tyotein at frequency offsets larger than 10 ppm (Figure 4B, orange line)
indicates proper functioning of the proposed correction procedure. It is worth noting the presence of an asymmetric ssMT in this experiment
(Figure 4A, purple region) which does not distract from proper functioning of the correction method. However, to unambiguously verify the
assignment of the dualCEST signal to mobile proteins, different cellular compounds were added successively to a protein model solution.
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FIGURE 3 Dependence of the dualCEST signal on technical parameters. T-spectra of BSA (Awc = =3.5 ppm, By = 1.5 uT, By = 14.1 T) for different
saturation lengths t.,¢ (A), duty cycles (DC) (C), pulse lengths t,, (E), B; (G) and By (I). (B, D, F, H, J) Percentage variation of T at Aw = +3.5 ppm. Signal
dependences allow the optimization of the pulse sequence in terms of SNR. Displayed errors are the standard deviation of repeated measurements

(Table S1)
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FIGURE 4 The semi-solid magnetization transfer (ssMT) correction procedure. (A) Z-spectrum of ex vivo porcine brain tissue homogenate (B; = 0.75
UT, Bo = 14.1 T). The subdivision of the Z-spectrum into contributions from different cellular compounds is an estimation. By the choice of Awc,
selectivity of the dualCEST signal to different cellular compounds can be achieved. (B) Scaling of the spectral profile of signals originating from semi-
solid macromolecular structures T_;o(Aw) (magenta line) allows the retrieval of the isolated signal of mobile proteins Tyotein (Orange line)

3.3 | Characterization of the dualCEST signal

As is commonly known, signals of different cellular compounds spectrally overlap in Z-spectra in vivo (Figure 1B). To mimic this situation, mobile
protein solutions were prepared containing: (i) BSA, as well as varying amounts of (ii) metabolites (i.e. carnosine and creatine) and (iii) lipids purified
from mouse brain tissue (Figure 5). In addition to the CEST signals of BSA in the positive and negative frequency regions (Figure 5B, orange line),
individual resonances of carnosine, creatine and tissue-lipids are resolved around Aw = +3.5, +2.0 and - 3.5 ppm, respectively (Figure 5B). In addi-
tion, a broad asymmetric ssMT of tissue-lipids is also present (Figure 5A, blue lines), completing the imitated in vivo Z-spectrum. The asymmetry of
the ssMT can be seen in the MTR,sym Spectra, which leads to negative values (Figure 5C). Remarkably, although Z-spectra and MTR,sym Spectra
strongly depend on the added cellular compounds, the dualCEST signal remains constant (Figure 5D). This verifies the assignment of Ty otein t0
originate exclusively from mobile proteins. Furthermore, T,otein is compensated for changes in water signal relaxation (Figure 5E), enabling an
independent investigation of bulk mobile proteins in living organisms.

To identify the physiological parameters that affect the amplitude of the dualCEST signal, mobile protein solutions were investigated
under various conditions (i.e. concentration, molecular size, folding state and pH). As these model solutions did not contain any semi-solid macro-
molecular structures, the dualCEST signal T was evaluated without the ssMT correction procedure being applied (Equation 1). As expected, T
increases as a function of mobile protein concentration (Figure 6A). The deviation from a linear increase at high concentrations, ¢ > 10%(w/v), most
likely originates from crowding effects that influence the mobility of BSA molecules.*? In addition to its obvious dependence on concentration, a
considerable variation in T as a function of the molecular size, and also the protein folding state (i.e. conformation), is expected. This is the case, as
the dualCEST signal arises from intramolecular spin diffusion processes that are stronger with slower tumbling of the molecules (i.e. molecular cor-
relation time) and are weaker with increasing distances between the involved nuclei.?? Indeed, a distinct increase in T as a function of the molec-
ular weight (MW, i.e. molecular size) is observed (Figure 6B), demonstrating the potential of dualCEST to detect a decomposition of proteins into
smaller fragments. For different MWs the mass concentration (i.e. protein mass per unit volume) was kept constant to exclude concentration
effects. In addition, effects from different folding states of the proteins are negligible because all of the investigated proteins belong to the same
class of globular proteins, which are spherical in shape. Following previous studies,*?>*** the equilibrium unfolding transition of BSA was examined
using the detergent SDS as a denaturant and monitored by fluorescence spectroscopy (Figure 6F). Indeed, a good correlation between T and the
protein folding state is observed. This illustrates the potential of dualCEST to image aberrant structural and conformational changes of proteins.

Finally, the pH dependence was investigated in order to demonstrate the robustness of the dualCEST signal against changes in the chemical
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FIGURE 5 Assignment of the dualCEST signal to mobile proteins. Z- (A), AREX (B), MTR,sym (C) and T-spectra (D) of BSA for varying
concentrations of cellular compounds (Awc =

-3.5 ppm, By = 1.5 uT, Bo = 14.1 T). In contrast to conventional CEST, the signal Tyrotein Can
unambiguously be assigned to mobile proteins. (E) With an increasing concentration of compounds, the observed longitudinal relaxation time
of water Tqps is reduced
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FIGURE 6 Dependence of the dualCEST signal on physiological parameters. T spectra of BSA (Awc = -3.5 ppm, By = 1.5 uT, By = 14.1 T) for
different concentrations (A), folding states (E) and pH (G). (C) T spectra of various globular proteins of different molecular weights (i.e.
molecular sizes). (B, D, F, H) Percentage variation of T at Aw = +3.5 ppm. (F) As a reference, the protein folding state was monitored by
fluorescence spectroscopy (FL). Signal dependencies demonstrate that variations in T can be attributed to changes in the concentration, molecular
size or folding state of mobile proteins. Displayed errors are the standard deviation of repeated measurements (Table S1)

exchange properties (i.e. exchange rate). T remains constant in the physiological range between pH 7 and 7.4 (Figure 6H, gray-shaded area), but
seems to be slightly affected by a decreasing pH. Consequently, for example, pH < 7 in the extracellular tumor environment can have an influence
on the dualCEST signal of secreted proteins. Deviations at acidic pH values might be a result of either the pH dependence of the chemical

344 or the overall BSA conformation which is also dependent on pH.#%4°

exchange between exchangeable protons in BSA and water,

Thus, in the physiological pH range, the dualCEST signal exclusively depends on the concentration, molecular size and folding state of the
mobile proteins. Contributions from other cellular compounds, water relaxation properties or changes in the chemical exchange properties can
be excluded. With this knowledge in hand, the dualCEST approach was utilized to investigate alterations of the mobile fraction of the proteome

in a glioblastoma brain tumor.

3.4 | Application of dualCEST in vivo

For examinations in humans, the dualCEST pulse sequence was implemented on a clinical 3-T MR scanner. Transfer of the dualCEST approach to
lower By, while maintaining its specificity to mobile proteins, is enabled by the newly introduced dimension of selectivity. As for the NMR spec-
trometer (Figure 3), pre-saturation parameters were optimized for the MR scanner to maximize the signal strength T, while avoiding excessive
broadening of the signals. t, = 20 ms and B; = 2 uT were found to be optimal at B, = 3 T. In addition, the dualCEST signal is approximately linear
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protein

FIGURE 7 In vivo dualCEST examination at By = 3 T. Multi-modal MR images of a patient with glioblastoma. (A-C) Conventional MR contrasts: T,-
weighted (T>y,), T1-weighted (T4,,) and subtracted gadolinium contrast-enhanced T,-weighted (sub-Gd-T;,,) MR images. (D) The selective dualCEST
signal of mobile proteins Tyrotein Showing substantial alterations of the mobile fraction of the proteome in the tumor region. (E-H) Fusion of
conventional MR contrasts and the dualCEST image

as a function of B, for the aforementioned parameters (Supporting Information Figure S3), allowing for a simple correction of B, inhomogeneities
in living tissue. However, a correction for By inhomogeneities is not necessary because of the comparatively broad plateau of the dualCEST res-
onance at 3 T around its maximum (Figure 3l, red line). To maximize the range of tolerable By inhomogeneities, the frequency offsets for mobile
protein signals in Equation 2 were adjusted from +3.5 to +5 ppm. Moreover, the frequency offsets for ssMT signals were adjusted from +10 to
+30 ppm to allow an isolated sampling of the ssMT component without contributions from mobile protein signals also at 3 T (Figure 3). Finally,
the far off-resonant frequency offset in Equation 1 was adjusted from 150 to 300 ppm.

Isolated endogenous bulk mobile protein MRI of a patient with glioblastoma shows a significantly reduced signal Ty,otein in the necrotic tumor
region compared with normal-appearing white matter (Figure 7H). Edges are clearly defined and show a good correlation with the inner part of the
ring enhancement in the contrast media-enhanced image. The amplitude of Tpotein in necrotic tissue is comparable with the values in
cerebrospinal fluid (CSF), suggesting a considerable degeneration of the mobile fraction of the proteome in the tumor core. The specificity to
mobile proteins allows the assignment of the observed signal drop to a reduced concentration, a reduced average molecular size or a denatured
global folding state of bulk mobile proteins. Correct functioning of the dualCEST measurement is confirmed by signal values around zero in the
CSF, where a negligible concentration of proteins can be assumed. Anatomical structures between brain matter and peripheral CSF show a
good correlation with Tprotein. In @ region of interest analysis, differences in Tpotein between gray and white matter are marginal, confirming the
absence of contributions from lipids to the dualCEST signal. The equivalent signal in these two tissues is in line with data from MR spectroscopy
when analyzing macromolecular resonances that are associated with bulk mobile proteins,*® as well as rNOE-CEST signals evaluated by the var-
iable delay multi-pulse (VDMP) method.*” Overall, the presented in vivo image data verify the feasibility of dualCEST examinations in humans,

enabling further investigations of the mobile fraction of the proteome in diverse pathologies.

4 | DISCUSSION

In this study, a novel MRI contrast is proposed, enabling the selective detection of endogenous bulk mobile proteins in living organisms. By contrast,
in conventional Z-spectra in vivo, the CEST signals of mobile proteins spectrally overlap with signals originating from other cellular compounds
(Figure 1B). Several attempts have been made in the past to overcome this obstacle and to highlight the signal component of mobile proteins. Ideas
range from multi-parametric fitting,'”*2483C to the incorporation of several types of exchange rate filters,242¢47:5153 {0 the suppression of
confounding signals by simultaneous pre-saturation at various frequency offsets.2%>45¢ Although these approaches work appropriately and allow
the isolation of the prominent amide proton resonance at Aw = +3.5 ppm or the rNOE-CEST signal of aliphatic protons at around Aw = -3.5 ppm,
the assignment of these signals exclusively to mobile proteins remains questionable. With respect to the amide proton signal, a considerable part
originates from small peptides and various metabolites.>” In addition, the aliphatic rNOE-CEST signal comprises contributions from other mobile

macromolecules, e.g. lipids or saccharides.'®” In both cases, magnetization transfer rates to water are comparable with the rates occurring in mobile
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proteins, thus preventing separation by exchange rate filtering. Here, we introduce a novel dimension of selectivity which is based on the cross mag-

netization transfer between two particular CEST signals - termed saturation crosstalk T, (Aw). For this purpose, the conventional CEST technique
was extended to an RF irradiation scheme at two different frequency offsets. Incorporation of a saturation at an additional frequency offset was
introduced for the first time in 2010.>* In the following year, saturation with frequency-alternating RF irradiation (SAFARI) was proposed to avoid
signal contributions from direct water saturation and ssMT.%° In our study, an identical pre-saturation pulse scheme, but with different combinations
of the two frequency offsets, is used to selectively detect the coupling between different CEST signals. The detection of the coupling between the
CEST signal of amide and aliphatic protons provides a unique specificity to mobile proteins. In contrast, immobile proteins, such as cytoskeletal or
membrane proteins, do not contribute to Tp,otein, as immobile proteins show comparatively broad signals with linewidths of several 10 ppm,>” which
are suppressed by the proposed ssMT correction method. As is commonly known, proton transversal relaxation times (T,) of immobile solid-like
structures are very short (on the order of 10 us) in comparison with the T, values of mobile molecules (several 10 ms). As the linewidths of CEST
signals inversely depend on T»,>® proteins can be roughly classified by their mobility into two types - mobile and immobile.2 The specificity of the
dualCEST signal to mobile proteins was verified experimentally by the successive addition of different cellular compounds to a protein model solu-
tion (Figure 5). Moreover, we demonstrated that the dualCEST signal is intrinsically corrected for changes in water relaxation (i.e. T1ops, Figure 5D), as
well as robust against changes in the chemical exchange properties in the physiologically relevant range (i.e. pH, Figure 6H). Parameters that affect
the amplitude of the dualCEST signal are the concentration, molecular size and folding state of mobile proteins (Figure 6), making dualCEST a
valuable diagnostic tool to detect aberrant proteomes in vivo.

The largest drawback of the method is the inherently smaller SNR in comparison with conventional CEST. The reason for this is the quite large
number of nine Z-values required for the calculation of the isolated mobile protein signal Tprotein (Equation 2). However, the newly introduced
dimension of selectivity opens up new possibilities to overcome this limitation. As the specificity of the dualCEST signal to mobile proteins relies
on the coupling of two signals, rather than on the resolution of individual resonances, high spectral resolutions are not required. This allows the
application of high B, values to increase the signal strength without a loss of specificity (Figure 3H). In contrast, the spectral selectivity clearly
deteriorates when acquiring conventional Z-spectra using high B; because of extensive peak broadening. Other possibilities to further amplify
the dual CEST signal were found to be the reduction in t, (Figure 3F) and By (Figure 3J). The signal amplification at shorter t, can be attributed
to the expansion of the spectral bandwidth of the pre-saturation pulses and the concomitant incorporation of more protons from neighboring
chemical shifts into the measurement procedure. This is because, in proteins, the chemical shift of identical proton types (e.g. amides) is dispersed,
depending on their location inside the protein and the respective chemical environment.>® In a similar manner, the number of saturated protons,
and thus the signal strength, is also increased by reducing the spectral resolution (i.e. reducing By). Consequently, the dualCEST signal profits from
lower magnetic field strengths, paving the way for dualCEST examinations on clinical MR scanners. In this study, in vivo measurements were per-
formed at a magnetic field strength of 3 T and optimized to maximize the signal amplitude, while avoiding an excessive broadening of the signals.
Linewidths broader than the distance between the two frequency offsets Aw and Awc might cause a direct saturation of CEST signals at one fre-
quency offset induced by pulses applied at the other. This might influence the signal preparation, leading to disturbed dualCEST signals. However,
the utilized distance of 10 ppm at 3 T between Aw and Awc should be sufficient to avoid such influences, assuming that the linewidths of the
individual CEST pools do not exceed 20 ppm. These features should have allowed the acquisition of dualCEST images with adequate SNR. How-
ever, there were technical limitations of the MR scanner used in this work which prevented a pre-saturation with an ideal DC of 50% (please note:
these limitations were caused by the restricted amplifier performance and not the specific absorption rate, SAR). Instead, only a DC of approxi-
mately half the desired value could be realized, which is why several repetitions were required to acquire a reliable dualCEST image in vivo.

For repeated measurements, the dualCEST approach profits from a fast and direct acquisition. By ‘direct, we mean that T, (Aw) can be
calculated from unprocessed data without the application of any fitting procedure to approximate the direct water saturation or ssMT. This allows
a fast determination of the dualCEST signal without the need for the sampling of an entire spectrum, leading to a considerable saving in acquisition
time. Exclusion of the fitting procedure was enabled by an analytical description based on the AREX3¢ evaluation (Figure S1). In this theory,
TawclAw) is a correction term - considering the exchange of magnetization between two different CEST pools - which is added to the longitudinal
relaxation rate in the rotating frame R4, of a multi-pool system.>86%61 The validity of the analytical model requires a saturation length in
compliance with the criterion for steady state (Figure 3B). In addition, the tilt angle 6 of the effective field and the z-axis must be small in

Aw?
Aw? + (YB1)?
of this assumption leads to strong signal distortions, as observed at Aw < 2.75 ppm when acquiring signals at Bo = 3 T and B, = 2 uT (Figure 3lI,

compliance with: cos26 = =1.213658 Thjs |imits the evaluation of signals at small Aw when applying comparatively high Bj. Violation

red line). The saving in acquisition time allowed the repetition of the acquisitions to accumulate sufficient SNR for dualCEST examinations of a
brain tumor patient without impractical lengthening of the measurement time.

The dualCEST approach allows the identification of pathological modifications of the mobile fraction of the proteome in vivo. Significant
changes in the isolated mobile protein signal Tpotein Were detected in the necrotic region of a human brain tumor (Figure 7). Necrotic tissue is
known to consist of decomposing or dead cells, verifying the ability of the dualCEST signal to detect aberrant proteomes in living organisms. In
the future, whole cohorts of patients will need to be examined to reliably determine the actual contribution of mobile proteins to CEST signal
changes in different pathologies, and to further investigate the diagnostic value of the presented method. As Ty otein is @ quantitative value, a
comparison between different subjects is possible. Applications range from staging and follow-up studies of cancer treatment to the diagnosis

of neurodegenerative diseases associated with the accumulation of pathogenic protein plaques, e.g. Alzheimer's disease. In addition, the dualCEST
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approach should be particularly suitable for the selective detection of binding mechanisms of mobile proteins, as its specificity relies on the
coupling of different CEST signals. In this context, selective imaging of small exogenous CEST agents binding to mobile proteins is plausible

because of the immobilization of the small molecules and the resulting intermolecular magnetization transfer pathway.®?

5 | CONCLUSIONS

A novel MRI technique - termed dualCEST - is proposed, allowing the selective detection of endogenous bulk mobile proteins in humans. In this
study, for the first time, the coupling of different CEST signals mediated by intramolecular spin diffusion is exploited to introduce an exceptional
specificity into the CEST experiment. The specificity of the dualCEST signal to bulk mobile proteins was verified experimentally by the investiga-
tion of different cellular compounds under different physiological conditions. A fast and direct acquisition of the dualCEST signal was enabled by
an analytical description of the dualCEST signal. With regard to applications in humans, the dualCEST signal was maximized by a comprehensive
study of diverse technical parameters. Remarkably, it was found that the dualCEST signal profits from lower magnetic field strengths, allowing a
straightforward implementation of dualCEST examinations on clinical MR scanners. The applicability of the dualCEST technique for examinations
in humans was verified in a proof-of-principle study of a brain tumor patient at 3 T.
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