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3.1 Abstract

Current challenges of in vivo chemical exchange saturation transfer (CEST) imaging include
overlapping signals from different pools. The overlap arises from closely resonating pools and/
or the broad magnetization transfer contrast (MTC) from macromolecules. This study aimed to
evaluate the feasibility of variable delay multi-pulse (VDMP) CEST to separately assess solute
pools with different chemical exchange rates in the human brain in vivo while mitigating the
Magnetization Transfer Contrast (MTC).

VDMP saturation build-up curves were simulated for amines, amides and relayed Nuclear
Overhauser Effect. VDMP data was acquired from glutamate and BSA phantoms, and from
5 healthy volunteers at 7T. For the in vivo data, MTC removal was performed via a 3-pool
Lorentzian-fitting. Different B, amplitudes and mixing times were used to evaluate CEST pools
with different exchange rates.

Our results show the importance of removing MTC when applying VDMP in vivo and the
influence of B, for distinguishing different pools. Finally, we report the optimal B, and mixing
times to effectively saturate slow- and fast-exchanging components. Slow-exchanging amides
and rNOE components could be distinguished when using B, = 1T and t =10 ms and 40 ms,
respectively. Fast exchanging components reached the highest saturation when using a B, =
28uTandt  =0ms.

VDMP is a powerful CEST-editing tool, exploiting chemical exchange rate differences. After
MTC removal, it allows to separately assess slow- and fast-exchanging solute pools in in vivo
human brain.
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3.2

Chapter 3

Introduction

CEST has received increased attention in recent years given its ability to noninvasively image
solutes such as proteins, peptides, and metabolites in vivo*®¢5. Even with advantages as high
spatial resolution and SNR, a crucial challenge of CEST is the quantification of CEST effects
from different solutes in the human brain. This is mainly caused by an overlapping signal from
different pools (eg, amide protons and amines, as well as the broad magnetization transfer
contrast [MTC] effect), resulting in a lack of specificity to differentiate the CEST effect from
different pools®. Exploiting the differences in the exchange rates and using high or low
B1 amplitude to target a specific CEST pool of interest could improve the specificity in the
observation of a certain CEST pool®. However, the use of higher B, amplitudes results in a
more pronounced MT effect and more direct saturation of water; thus it creates a stronger
overlap with the semisolid macromolecular pool. Magnetization transfer ratio asymmetry
analysis, a quantification method based on the subtraction of signals obtained with positive
and negative offset with respect to the water frequency, has been widely used for eliminating
MTC and quantifying the CEST effect from the solute pool of interest®”¢%. Nevertheless, the lack
of symmetry in the MT effect and the pronounced relayed nuclear Overhauser effect (rNOE) at
7T complicate the use of magnetization transfer ratio asymmetry analysis, especially at higher
field strengths.

A relatively novel CEST method called variable- delay multipulse CEST (VDMP-CEST), was
introduced to address this challenge®®. VDMP-CEST uses the interpulse delay (mixing times)
of the pulsed CEST sequences as an exchange filter to exploit exchange rate differences of
different CEST pools. Varying the mixing time allows the observation of differences in the
saturation buildup depending on the intrinsic exchange rate properties of the solute pool
of interest. For instance, amines, such as glutamate (Glu) and creatine, are fast-exchanging
molecules with exchange rates of 700 Hz and higher, whereas amide and rNOE effects can
originate from slow-exchanging molecules with exchange rates of 10 to 30 Hz’%"'. Amide
effects with higher exchange rates (eg, 162 Hz and 365 Hz), but still lower than those of amines,
were also reported in the literature’. Because of the difference in the exchange rate, it will take
a longer time for the saturation to build-up for amides compared with amines. This is reflected
in the buildup curves that show the change in Z magnetization as a function of mixing time.
Therefore, amines are expected to have a rather quick saturation buildup profile compared with
that of INOE and amide pools, which would require a longer time to build-up saturation. To date,
all VDMP-CEST applications but one were performed on phantoms and in in vivo

mouse models®® 7374, Only one study showed the feasibility of VDMP-CEST in the human
brain®. In this study, only one B, amplitude was used and the buildup curves from different
CEST pools in the human brain were not investigated. The use of different B, amplitudes, in
addition to changing the mixing times, could further help separately evaluate the CEST effect
from various CEST pools in the human brain. Moreover, VDMP does not account for MTC from
macromolecules, hindering an accurate quantification of the CEST effect. A previous study
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used subtraction of two different mixing times to suppress MTC in the human brain white
matter (WM)®. Because MTC varies in different tissue types, it is difficult to eliminate MTC
in all brain regions through subtraction’. Moreover, the use of different B, amplitudes will
result in different levels of MTC contribution, and thus requires a more sophisticated method
than subtraction to eliminate the MTC. In this study, we aimed to evaluate the potential utility
of VDMP-CEST for exchange rate sensitive imaging and thereby to separately assess CEST
effects from amide, amine, and rNOE pools. Our secondary goal was to evaluate VDMP-CEST in
combination with MTC removal in in vivo human brain. These aims are achieved by simulations,
phantom scans, and in vivo experiments of the human brain. First, we simulated the VDMP
buildup curves of amide, amine, and rNOE pools. Second, for confirmation of the VDMP effects
in the case of two pools, we used phantom experiments. Finally, we applied VDMP-CEST in
the human brain at 7T using various B, amplitudes and removing the MTC via a three-pool
Lorentzian model. We generated VDMP buildup curves from amide, amine, and rNOE pools
after the MTC removal and investigated the evolution of VDMP buildup curves from these pools
for different B, amplitudes.
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Chapter 3

Methods
Simulations

VDMP saturation buildup curves from CEST pools with different exchange rates in the human
brain were simulated similar to that in a previous study™. A two- pool model (water + one
solute pool) was used to simulate two conditions: slow exchange and fast exchange. For
slow- exchanging molecules, two cases were considered: amides (frequency offset [A] = 3.5
ppm, exchange rate [ksw] = 30 Hz) and rNOE (A = -3.5 ppm, ksw = 16 Hz). To represent fast-
exchanging molecules, amines (Glu, A = 3 ppm, ksw = 5500 Hz) were simulated. Additionally,
a three- pool model (water + two solute pools) was employed to simulate the overlap of amide
and amine pools at 3 ppm (amide + amine). The details on simulations can be found in the
Supporting Information.

Phantom preparation

One phantom consisting of three vials of 60 mL was prepared and assembled into one glass
recipient filled with fomblin. To mimic the amine and amide proton exchangeable groups
separately and in combination, the vials contained (1) a 50 mM solution of Glu, (2) 10% bovine
serum albumin (BSA), and (3) a mixture solution of 10% BSA and 50 mM Glu. Details of phantom
preparation are explained in the Supporting Information.

Human subjects

Six healthy female volunteers (Mean age: 28 years; SD = 4) were included in the study. Written
informed consent was obtained from the volunteers. The study adhered to the local institutional
review board guidelines and approval.

MRI scans

MRI acquisitions were performed on a whole-body 7T Achieva Philips MRI scanner (Philips
Healthcare) equipped with a dual- transmit and a 32-channel receiver head coil (Nova Medical
Inc.).

The scan protocol for the phantom and in vivo acquisitions consisted of a short survey scan, a
SENSE reference scan, acquisition of a B, map to be used to perform third-order B, shimming,
acquisition of a B, map using the dual refocusing echo acquisition mode (DREAM) sequence’®,
and VDMP-CEST scans. The B, maps for each volunteer can be found in Supporting Information
Figure $1.Forinvivo scans,a MPRAGE sequence was additionally used to obtain 3D T -weighted
images to assess gray matter (GM) and WM tissue probabilities per voxel. Imaging parameters
can be found in Table 1. For VDMP-CEST scans, a pulsed 3D CEST preparation was followed by
a gradient echo readout with FLASH. Shim parameters obtained by third-order shimming were
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used to improve B inhomogeneities. CEST preparation employed 20 sinc-Gauss pulses of 20
ms duration. The VDMP-CEST pulse sequence isillustrated in Figure 1. A total of 29 frequencies
with a step size of 107 Hz were acquired between -1500 and 1500 Hz. For normalization, an M,
image was acquired at 500,000 Hz (around 1678 ppm). Seven mixing times (t ) were used (0,
10, 15, 20, 40, 60, 100 ms). For phantom scans, two different B, amplitudes were used: 2 uT and
3 uT. For in vivo scans, four different B, amplitudes were used (one per subject): 0.99 T, 1.99 T,
2.81 T, and 3.26 uT. The B, amplitudes used and the corresponding B, average power for each
mixing time are listed in Supporting Information Table S1. B, average power was defined as B,
avg power = \/ s OPTR Bidt ,where B, is the B, amplitude of the pulse and pulse repetition time

(PTR) is the sum of the pulse widths (t) and interpulse delays (t, ), PTR=t +t_ 7"

To investigate the role of B, average power during the whole saturation duration on the buildup
curves, VDMP-CEST experiment was conducted on a fifth volunteer, while keeping a fixed B,
average power (1.55 uT) and using the previously listed mixing times. To keep the B, average
power the same for all mixing times, the B, amplitude was increased while increasing the t . . To
investigate the reliability of Lorentzian fitting parameters, a sixth volunteer was scanned with a
CEST sequence with B, amplitude of 0.99 uT, t
-75 000 and 75 000 Hz. More information on this acquisition is described in the Supporting

of 10 ms, and a larger frequency span between

mix

Information.

Table 1. Image acquisition parameters represented for both phantom and in vivo experiments.

Imaging parameters Phantom VDMP-CEST In vivo VDMP-CEST 3D T -weightedimages = DREAM B, map
TR/TE/TI, ms 37/2 37/2 4.2/1.85 8.0/1.97
FA, degrees 5 5 7 10
FOV, mm?® 246 x 246 x 21 246 x 246 x 21 246 x 246 x 246 246 x 246 x 21
Voxel size, mm? 1.5x1.5x3 1.5x1.5x3 0.9x0.9x0.9 1.5x1.6x15
TFE Factor 75 75 352 164
SENSE factor (RL/AP/ 2/11 2/1/1 2.5/2/1 -
FH)
B, amplitude 2uT & 3uT 0.99uT, 1.99uT, 2.814T, -
3.26uT
Mixing times, ms 0, 10, 20, 40, 60, 80,100 0, 10, 15, 20, 40, 60, 100 -
Total scan time, min ~ 42 min per B, ~ 40 min per B, 02:21 min 00:09 min

Abbreviations:

AP: anterior-posterior
FA: flip angle

FH: foot-head

RL: right-left

TFE: turb field echo

VDMP: variable delay multiplulse
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VDMP-CEST Preparation Acquisition
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Figure 1. VDMP pulse sequence preparation, where the mixing time (t__ ) is illustrated as the interpulse delay. The total

mix

preparation time will also depend on the pulse duration (tp) and the number of radio frequency (RF) pulses (N).

3.3.56 Image processing of the in vivo data

Probability maps of the GM and WM were retrieved from the 3D T, -weighted image using
FMRIB (Functional Magnetic Resonance Imaging of the Brain) Software Library (FSL) v6.0.15
Segmentations were performed on the original 3D T -weighted image. For this purpose, the
skull was removed using the Brain Extraction Tool (BET) in FSL’®. Extracted brain images were
segmented using fMRIB’s automated segmentation tool (FAST)". The spatial volume estimation
maps were registered to the CEST space using a resampler contained in the FreeSurfer
package®. A voxel was regarded as GM or WM if the partial volume estimation exceeded the
threshold of 0.7.

3.3.6 Data analysis

Custom-written MATLAB scripts were used for data analysis. Corrections for B field
inhomogeneities were performed by spline interpolation followed by shifting of the Z-spectra
based on the minimum Z determination. The reference scan acquired at a far offset (M image)
was used to normalize all CEST images. ROl-based assessment of the Z magnetization was
done for both phantom and in vivo data over the frequency ranges by calculating the average
of all voxels. For the phantom data, ROIs were manually drawn on each vial on the midslice
(Supporting Information Figure S2) and VDMP saturation buildup curves for different pools
were calculated for each ROI for all mixing times. For the human brain, the WM and GM buildup
curves were evaluated within the midslice by masking the CEST data with the previously
obtained GM and WM masks. For MT contrast removal in the in vivo data, (1 - S/S)) was
calculated for each frequency of the Z-spectra from each mixing time. A three-pool Lorentzian
model was fitted for each t_, using the Levenberg-Marquardt algorithm®'. The model used
consisted of water, MT, and rNOE pools at fixed chemical shift values (0 ppm, 0 ppm, -3.5 ppm,
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respectively). The initial point for the MT pool amplitude was defined as the signal amplitude
of (1 - §/8,) at 5 ppm. The initial points, upper and lower boundaries of all fit parameters, are
listed in the Supporting Information Table S2. The fitted MT pool was subsequently removed
(subtracted) from (1 - §/S ). The MT- removed Z-spectra were used to assess the CEST signal
at the frequency of interest (3.5 ppm for amides, 2 ppm for amines, and -3.5 ppm for rNOE)
for each mixing time. VDMP saturation buildup curves were generated as a function of the
ratio between the change in saturation (S - S)) and S, for all the mixing times (t,_ ). The VDMP
curves were then normalized to the first mixing time (t . = 0 ms). The image processing and
analysis pipeline for the in vivo data are shown in Figure 2. Based on VDMP buildup curves,
the optimal B, and mixing time combinations were determined for amide, amine, and rNOE
pools. Finally, voxel-based VDMP- CEST maps were generated by removing the MTC per voxel
through the three-pool Lorentzian fittings as described above. The B, inhomogeneities were
linearly corrected per voxel by using the B, map obtained from the same subject. The contrast
of amide, amine, and rNOE pools was evaluated. The contrast observed corresponds to (1 - S/
S,) after the MTC removal.

A)

—— Z-spectra corrected for By
------ Original Z-spectra

Segmentation of GM B, correction by

and WM from 3D T,
and registration to
the CEST reference
image

CEST Z-spectra
calculation from
GM and WM for
all mixing times

—
.

Fitted magnetization
transfer (MT) was
removed from the Z-
spectra

E)

—

4 2 0 2 4
Chemical Shift (ppm)

~MT removed Lorentzian fit

F)

0 -5
Chemical Shift (ppm)

interpolation
followed by shifting
the Z-spectra based
on the minimum Z

6 4 2 0 -2 -4 -6
Chemical Shift (ppm)

1 1-Zspectra

Fitting of the Z-
spectra to a three-
pool Lorentzian
model for each
mixing time

»

&

Build-up curves E
were derived from E
>

k]

&

different pools for
GM and WM
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the first mixing time

\

50 100
Mixing times t, (ms)
== Amines - Amides = rNOE

Figure 2. Image processing & analysis. A) gray matter (GM) and white matter (WM) were segmented from the 3D T,
and registered to CEST space. B) B, field inhomogeneities corrections were performed by interpolation and shifting of
the Z-spectra based on the minimum Z. C) Z-spectra were plotted for each mixing time from the average signal taken
from the voxels in the GM and WM. D) Z-spectra from all mixing times were fitted to a three-pool Lorentzian model,

for GM and WM. E) The MTC pool fitted in step (D) was subtracted from the Z-spectra. F) VDMP build-up curves were
generated for GM and WM, for each B, amplitude, and normalized to the first mixing time.
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Results
Simulations

Figure 3A shows the buildup curves that are simulated for amides, rNOE, and amines (Glu)
using a two-pool model. Slow-exchanging pools (amides and rNOE) show a gradual saturation
buildup, whereas a fast decay without a buildup is observed for the fast-exchanging amines. In
Figure 3B, the buildup curve for the mixture of amide and amines (Glu) at 3 ppm, thatis simulated
using a three-pool model, is shown with the orange line. In this case, the buildup trend follows a
similar trend to that from the amine-only pool, suggesting that the very fast- exchanging nature
of amines dominates the overall signal. In Figure 3B, a similar graph is also displayed for a
mixture of amide and amine (Glu) concentrations at 3 ppm using the Glu concentration in the
human GM and WM. The dotted line represents the buildup curve of amines in the GM, where
Glu concentrations are higher than in the WM.

A) 9 B) 2
2
£ 15 1.5
£
S
E 1
[7)
(14

0.5 0.5
0 50 100 0 50 100
Mixing times t,, (ms) Mixing times t,, (ms)
— Amines Amides — rNOE

—— Amines + Amides ---- Amines in GM + Amides — — Amines in WM + Amides

Figure 3. Simulated and normalized VDMP saturation build-up curves when A) a 2-pool (water + one solute) model was
used for Amine, Amide and NOE pools individually. In B) a 3-pool model (water + amide + amine) was used to simulate
the normalized build-up curves for a combination of amides and amines: when maintaining the same water T, value and
solute pool fractions of amides and amines those used as in A (full orange line), and when the combination included
Amine (glutamate) pool fractions and water T, values that are representative of the conditions found in the human brain
gray (GM) (dotted orange line) and white matter (WM) (dashed orange line).

Phantom studies

Figure 4A illustrates the saturation buildup trend for the amide and rNOE pools in dotted and
dashed lines, respectively, when a B, of 2 uT is used. Both in the mixture phantom as well as in
the 10% BSA phantom, both amide and rNOE slow-exchanging pools exhibit a slow buildup of
saturation. Asimilar trend is seen in Figure 4B fora B, of 3 UT. Whereas from the fast- exchanging
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3.4.3

Glu pool, itis not possible to observe at which time pointit reaches its saturation peak. Because
the VDMP curves are normalized to the first mixing time, there is a continuous decrease in
saturation across the mixing times as a result of T, relaxation®. For a B, of 2 uT (Figure 4A), the
signal from Glu (light-blue line) is not observable fort_ > 0. However, a B, of 3 uT is sufficient
to observe a more efficient saturation of Glu (Figure 4B). For both cases, the mixture phantom
follows the same buildup trend at 3 ppm (dark-blue solid line) and at 3.5 ppm (yellow dotted
line), similar to the trend of amides from a BSA- only phantom (green dotted line).

=

B
B,=2uT ) B,=3 T

-
a N

Relative intensity

0.5} 0.5}
or 0
05 50 100 % 50 100
Mixing times t,, (ms) Mixing times t, (ms)
— Glu in mixture = = = rNOE in 10% BSA -« APT in 10% BSA
— Glu — — = rNOE in mixture APT in mixture

Figure 4. VDMP saturation build-up curves from the phantom experiment (normalized to the first tmix). The signal from

individual phantoms and from the mixture phantom were presented with separate lines. NOE (dashed lines) and amide

(dotted lines) are retrieved from the 10% BSA and mixture (50 mM glutamate and 10% BSA) phantom. Full light and dark
blue lines represent glutamate from the single and mixture phantom, respectively. B, amplitude per pulse unit was 2 uT
for (A) and 3 uT for (B).

Human studies

In Figure 5A, B, the Z-spectra obtained using a B, of 0.99 uT are shown for all t_, from the GM
and WM, respectively. When using a lower B,, a more evident rNOE contrast is observed at
-3.5 ppm. This holds especially in the WM (Figure 5B). Independently of the mixing times, a
broadening of the Z- spectra is observed with a higher B, value (B, = 3.26 uT). (Figure 5C,D), in
line with a MTC increase at higher B *°. Atrend of increased broadening with increasing B, was
observed also for B, = 1.99 uT and B, = 2.81 uT (data not shown). The presence of MTC in in vivo
human brain is notorious in VDMP-CEST buildup curves because all CEST pools buildup trends
are similar to the one of the MT when MT removal is not applied (Figure 6A). Upon removing
the MTC, a gradual buildup trend was observed for the slow-exchanging molecules (rNOE and
amides), whereas a faster decay could be observed for fast-exchanging ones (amines), similar
to the simulation and phantom results (Figure 6B). A rNOE curve displays significantly different
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behavior than amide and amine pools, both in terms of buildup and the level-off, reflecting the
slower and different (relayed) nature of the processes involved. The reliability of Lorentzian
fittings was investigated based on the acquisition with a larger frequency span. Histograms of
the fitting parameters are shown in the Supporting Information Figure S3. Except for the full-
width half-maximum (FWHM) of NOE, which was restricted by the upper boundary for some
WM voxels, none of the fit parameters were restricted by fit borders when all frequencies were
used. A discrepancy was observed between the larger frequency span and a smaller subset
of 27 frequency offsets for FWHM of MT and amplitude of rNOE. To investigate the influence
of the B, on the saturation buildup trends of CEST pools in the human brain, MTC- removed
VDMP build curves are plotted for different B, amplitudes (Figure 7, Supporting Information
Figure S4). After MTC removal, rNOE follows a slow and gradual buildup of saturation,
independently of the B, amplitude applied. The amide pool, although also slow exchanging,
displays a more characteristic buildup in saturation when applying a B, of 0.99 uT and 1.99 uT
(Figure 7A- D; respectively). Differences in saturation buildup curves of amides and amines
were more evident with a B, of 3.26 uT/2.81 uT, where for the GM a fast decay trend from
the amine pool is evident (similar to simulation and phantom results). Regardless of inherent
concentration differences between GM and WM, B, of 0.99 uT and 2.81 uT/3.26 uT, are observed
to be sensitive for separately assessing the saturation buildup of slow- and fast- exchanging
components, respectively. Instead of keeping the B, amplitude per pulse the same, when a
fixed B, average power was used for all mixing times, the VDMP curves were also dominated by
the MTC (Supporting Information Figures S5 and S6). After removing MTC, the saturation of the
pools could be observed, especially for the amide pool. However, the rNOE pool showed a less
efficient saturation and a reduced buildup when a fixed B, average power of 1.55 T was used
for each mixing time. Because of the SAR restrictions, a B, average power scheme higher than
1.55 UT could not be used to acquire and observe buildup trends.

Based on VDMP buildup curves, the optimal B, and mixing time combinations were determined
tobe 0.99 uTand at_, of 10 ms and 40 ms for amide and rNOE pools, respectively. The optimal
B, amplitude and mixing time to effectively saturate fast- exchanging amine pools were 2.81
uT/3.26 uT and 10/0 ms. Voxel-based VDMP maps corresponding to these B, and mixing times
are shown in Figure 8. For the B, of 0.99 T, the CEST effect from amides follows the same
trend on the VDMP map (Supporting Information Figure S7) as the one observed in the buildup
curves (Figure 7A): a higher CEST effect at t .= 10 ms followed by a decreasing CEST effect at
t , 0of 40 ms and 100 ms. Similarly for the rNOE pool, the highest CEST effectisatt =40 ms
with a B, of 0.99 uT, in line with the VDMP buildup curves. For the fast exchanging amines, the
highest CEST effectis found att , =10 msand O ms for a B, of 2.81 and 3.26 uT, respectively, as
expected from the peak in saturation observed in the saturation buildup curves (Figure 8 and
Supporting Information Figure S8). The mean signal intensity values (1 - S/ S) for all the GM
and WM voxels are reported in Supporting Information Table S3.
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Figure 5. The B, corrected Z-spectra from the gray matter (GM) and white matter (WM) for the different mixing times
before removing the MTC. In A) and B) the Z-spectra are displayed when having applied a B, amplitude of 0.99 T. In C)
and D) the Z-spectra are shown when having adopted a higher B, amplitude of 3.26 pT.

Gray Matter

A) MT contrast present B) MT contrast removed

2y . 27

~Amines ~Amines
> -rNOE -rNOE
= Amides i
g 1.5} w1 15} Amides
£
. |/
S 1 1
o
7]
14

0.5 : ! 0.5 .
0 50 100 0 50 100

Mixing times t,, (ms) Mixing times t, (ms)

Figure 6. A typical example of the effect of MTC on the VDMP build-up curves from the human WM for B, = 3.26 uT.
In A) the saturation build-up of the different CEST pools is plotted together with the MT contrast. In B) the MTC has
been removed and the trend of the VDMP build-up curves from the CEST pools with different exchange rates can be

distinguished.
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Discussion

The aim of this study was to evaluate the potential of VDMP- CEST to assess in vivo proteins and
metabolites in the human brain at 7T. The most salient finding of this study is the importance
of removing MTC for in vivo VDMP applications in the human brain. By mitigating the MTC, the
saturation buildup curves from amide, rNOE, and amine pools were shown for the first time
from the human brain. Additionally, the influence of B, amplitude on the saturation efficiency
was shown for different pools, suggesting the necessity to choose an optimal B, to separately
evaluate slow-from fast-exchanging pools based on their VDMP saturation buildup curves.
Finally, the optimal mixing time and B, combinations were reported for amide, rNOE, and amine
pools in the human GM and WM.

Although VDMP-CEST s selective for fast- and slow-exchanging pools, the application in
vivo suffers from an evident contribution from MTC (Figure 6)*°. Mitigating the MTC through
Lorentzian fittings revealed the importance of MT removal when applying VDMP-CEST in the
human brain. A previous study, aimed to suppress MT contrast, employed the subtraction of
two images obtained with different mixing times®2. An advantage of this subtraction method
is that it is easily implemented. However, because of differences in molecular composition
between different tissue compartments, different levels of MTC are expected for different
voxels. Moreover, in diseased tissue, pathological processes yield to changes in MTC#*. This
makes it difficult — if not impossible — to choose the two mixing times that would, after
subtraction, eliminate the MT effect effectively within the whole image®. A more recent study
in mouse brain has used a model to fit VDMP buildup curves to extract the slow- and fast-
exchanging MTC components. Because relatively high B, peak values (6 and 12 uT) and large
frequency offset ranges were used in this study, translating this approach into in vivo human
studies would be complicated based on SAR constraints. Moreover, fitting slow-exchanging
pool from VDMP curves makes it difficult to distinguish the slow MTC component from the
other slow- exchanging pools such as amide and rNOE. Therefore, we proposed an alternative
method, using a three-pool Lorentzian fit, which mitigates the MTC in the human GM and WM
for each mixing time separately. This method was also extended to eliminate MTC on a voxel-by-
voxel basis (Figure 8). Our results, in Figures 6 and 7, show that MTC removal with this method
has a considerable impact on the VDMP buildup curve trends, making it possible to observe
distinguishable buildup curves from amide, rNOE, and amine pools. Besides contributing to the
MTC effect in the human brain, the B, amplitude of the applied RF pulses also has an impact
on the saturation efficiency of the CEST pool of interest*. To determine the ideal B, amplitude
and saturation duration, Khlebnikov et al used Bloch- McConnell equation simulations and
showed that slow- exchanging (16-30 Hz) amides required a lower B, (<1.56 uT) and a longer
saturation duration (>2.5 s).5 Fast-exchanging amines, such as Glu (exchange rate of ~5500
Hz), required higher B, (~6 uT) and shorter saturation duration (<1 s) to achieve the maximum
CEST effect®. Translating these parameters to the human in vivo situation is challenging given
the maximum allowed power and SAR limitations of human MRI scanners. We investigated
the optimum B, for most efficiently detecting amide, rNOE, and amine. When studying the B,
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Figure 7. Normalized and MT removed VDMP saturation build-up curves for different mixing times, when the B1
amplitude applied was 0.99 uT (A and B), 1.99 uT (C and D), 2.81 uT (E and F), and 3.26 uT (G and H), from gray (GM) and
white matter (WM), respectively.

effect in controlled phantom experiments (Figure 4), we could observe that slower exchanging
components (amides and rNOE) are more efficiently saturated when a lower B, is applied
and hence leading to clear buildup trends for these pools without the contribution from fast-
exchanging ones. In contrast, the fast-exchanging (amine CEST) pools could be observed
mainly when using a higher B, (3 uT). Given the presence of protein amine CEST contrast in
BSA, the exchanging components in this phantom cannot be exclusively attributed to rNOE
and amide proton transfer. Rather, these are thought to be derived from amide CEST, aromatic
NOE, and protein amine CEST®. In our results from the human brain (Figures 7 and 8), we could
observe that for both in the GM and WM, amides and rNOE were more efficiently saturated
with a B, amplitude of 1 uT, similar to previous simulations results®. This is also in line with
previous in vivo CEST studies that focused on the slow-exchanging pools such as amide and
rNOE in the human brain and brain tumors at 7788, For rNOE, an efficient saturation was
achieved independently of the B, amplitude used. However, with a B, amplitude of 1 uT, the
buildup trend reached a maximum value relatively earlier before the decay starts, eliminating
the need to use very long mixing times, whereas amines were more efficiently saturated with a
higher B, amplitude of around 2.81 uT/3.26 UT®. In heterogeneous tissue, where multiple solute
pools are overlapping on their resonance frequency, the effect of the interpulse delay and B,
amplitude could be used together to modulate the effect from different pools. We evaluated the
optimal combination of B, amplitude and t_, to achieve the most sensitive saturation buildup
for different CEST pools present in the human brain. Our results (Figures 7 and 8) suggest that
B, amplitude of 1 uT and tmix of 10 ms and 40 ms are optimal to achieve the highest signal
from amides and rNOE, respectively. This is in line with the slower exchanging nature of these
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pools. Contrary to slow-exchanging components, which need a low B, amplitude and longer
interpulse delays, high B, amplitude in combination with a short interpulse delay is needed to
detect signal from fast-exchanging components because of their rapid saturation. The highest
signal from amines were found using a B, amplitude of 2.81 uT/3.26 uT and with a combination
of a very short (t

=10 ms) or no interpulse delay (t . = 0 ms). The short time necessary to

mix mix

achieve maximum saturation highlights the fast-exchanging nature of amines, which is in
accordance with previous studies from the human brain®. A previous study explored VDMP
for quantification of fast-exchanging metabolites’. In agreement with our results, it was shown
that Glu’s signal in a phantom predominantly decayed for increasing mixing times’s. By using
these optimal values, the CEST contrast observed on the voxel-based VDMP maps from
amides, rNOE, and amines (Figure 8) were in accordance with the GM/WM distribution of the
corresponding solutes, as well as the CEST effects observed from these molecules in GM and
WM in previous work®5*-°", Based on the voxel-based maps (data not shown), it is, however,
not possible to specifically distinguish Glu that resonates at around 3 ppm from other possible
amine groups (that resonate at around 2 ppm). For instance, creatine (amine group at 2 ppm)
has a slightly slower exchange rate (810 Hz) than that of Glu (5500 Hz). However, the overlap of
both poolsinthe frequency spectra makes separation too challenging®, whereas the saturation
buildup curves of amines overlapped with those of amides at 3.5 ppm at lower B, amplitudes
(<2.81 uT), contrary to what is observed at higher amplitudes (B, = 2.81 uT and 3.26 uT; Figure
7). This suggests that fast-exchanging molecules were simply not observable at these lower
B, amplitudes. Thus, when applying VDMP, the choice of B, can help in differentiating slow-
and fast-exchanging pools. Slight differences between the voxel-based maps and the VDMP-
curves might be explained by the fact that the later results from the average signal observed
in the GM and WM. The simulations and phantom results (Figures 3 and 4) aimed to illustrate
how VDMP buildup curves would display the saturation buildup of the CEST pools of interest
in ideal conditions. In the present investigation, we could show how our in vivo data are —to a
certain extent — in line with these results (Figures 3 and 4 vs Figures 6 and 7). Different factors
derived from the heterogeneous nature of human brain tissue such as T, relaxation, MTC, and
the eventual interplay between different compounds, play a role in the underlying CEST signal
observed in our in vivo results.

Our study has some limitations. Our VDMP simulations did not consider the B, amplitude of
the RF pulse. Therefore, simulation results are limited to show the effect of the number of
VDMP pulses and duration, as well as the saturation buildup of the CEST pools of interest.
Moreover, when calculating the Z-magnetization as an average of the imaged voxels, the quality
of calculated CEST signal can be affected by the number of voxels included. Voxel-based
VDMP maps were therefore investigated and corroborated the findings from the ROIl-based
results. Additionally, the number of VDMP pulses and their duration were kept constant for
this study. Xu et al have shown through simulations that for a B, of 4 uT, the most efficient
saturation buildup could be reached when using 16 to 32 pulses®. Therefore, the number
and amplitude of RF pulses were chosen accordingly to achieve a sufficient saturation within
SAR limits and a feasible scanning time on a human 7T MRI scanner. It would be interesting to
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Figure 8. Voxel-based VDMP maps obtained using the optimal B1 amplitude and mixing time (tmix) where the most
CEST effect is observed according to the saturation build-up curves, specifically for A) amides at 3.5ppm, B) rNOE -3.5
ppm and C) amines at 2 ppm.

investigate the relationship between the pulse duration and number, as well as B, amplitude,
to better target specific CEST pools in vivo of the human brain at 7T. We also maintained the
B, amplitude constant for each pulse, which results in a decrease of the B, average power with
an increased interpulse delay. In one volunteer (Supporting Information Figures S5 and S6),
we kept the B, average power constant for the entire saturation duration to investigate the
effect of fixed B, average power. With the fixed B, average power, we observed a similar VDMP
buildup trend for amines and amides, impairing pool differentiation (possibly caused by the
use of low B, amplitude for shorter t_ ). This suggests that for overall saturation efficiency it
is more valuable to fix the B, amplitude per pulse, independently from the mixing time. The T,
of the evaluated pools were mostly longer than the pulse duration used (amide 100 ms, amine
200 ms, and rNOE 5 ms).20 Therefore, the T, relaxation during the pulse is not expected to
affect water protons for amide and amine pools, also in line with the previous explanation on
how the VDMP pulses could serve as a T, filter®. rNOE effects, however, are more complex
and of a relayed nature. Further work is needed to investigate the influence of T, and the T,
relaxation on the VDMP saturation buildup trends for these pools, as well as quantifying the
contribution of slow- and fast-exchanging components, including multiple existent exchange
rates per CEST pool. For instance, amine protons were also reported to be present in proteins,
and were shown to contribute to amineCEST contrast in the rat brain®2. In our study, we were
not able to differentiate between the amineCEST contrast deriving from metabolites such as
Glu and the ones from proteins. Finally, model-based fitting with predefined boundary values is
a limitation, especially when a short frequency-offset range is used. The fittings were adequate
for MTC removal; however, additional work is necessary to verify this method further in vivo
and in pathology.

VDMP-CEST relies on the inherent differences in exchange rates of slow- and fast-exchanging
solute pools. We have proposed a new method to mitigate the MTC effect in VDMP-CEST.
By mitigating the MTC through Lorentzian fittings and using the mixing time as an exchange
filter, we obtained the saturation buildup curves from amide, rNOE, and amine pools for the
first time from the human brain. The MTC removal is essential to distinguish solute pools with
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different exchange rates from the human brain in vivo. Moreover, the mixing time and maximum
RF amplitude (B,) should be carefully chosen to increase the specificity to the solute pool of
interest. Our results suggest that VDMP has potential to mitigate the challenge to separately
evaluate fast- and slow-exchanging CEST-pools in the human brain in vivo.
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Supporting information
Simulations

Using a two pool-model (water + one solute pool), we separately simulated the saturation
build-up of relayed Nuclear Overhausser (rNOE), amide, and amine pools. The concentrations
used to simulate rNOE (frequency offset (A) = - 3.5 ppm, exchange rate (ksw) = 16 Hz), amides
(A = 3.6 ppm, exchange rate (ksw) = 30Hz), and amines in glutamate (A = 3 ppm, ksw = 5500
Hz) were 0.1 M, 0.072 M, and 0.02 M respectively*®. The corresponding pool fractions were
0.00091 for rNOE, 0.00066 for amides, and 0.00055 for amines (glutamate). T, relaxation of
water was assumed to be 2 s for the build-up curve simulations. Other parameters used for the
simulations were the following: number of pulses: 20, pulse width: 0.02 s and mixing times: 0, 5,
10, 15, 20, 40, 60 and 100 ms.

Inadditionto these conditions, we used a three-pool model (water + two solute pools) to simulate
the condition for a mixture of amine and amides. First, we considered the condition when the
pool fractions of amides and amines were the ones described above (0.00066 for amides and
0.00055 for amines) and when T, relaxation of water was assumed to be 2 s*8. Additionally, we
simulated the condition when the amide concentration is kept the same (as 0.072 M but the
amine concentration (glutamate at 3 ppm) is set equal to the glutamate concentrations found
in the human brain. We separately simulated glutamate concentrations typically found in the
GM and WM, i.e. respectively 0.0115 M and 0.0066 M°®. The corresponding pool fractions for
amines (glutamate) were 0.00031 in GM and 0.00018 in WM. For simulating amines in GM and
WM, T, relaxation of water was adapted to 1.8 and 1.2 s, respectively®. Other parameters used
for these simulations were the following: number of pulses: 20, pulse width: 0.02 s and mixing
times: 0, 5, 10, 15, 20, 40, 60 and 100 ms.
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3.7.2 Phantom preparation

The mixture solution was made with the aim of observing combined CEST effect when both
amide and amine groups are present in a solution. All solutions were prepared in deionized
water and titrated to achieve a physiological pH of 7.3 (+ 0.05). To scan the phantoms at a
temperature closer to physiological conditions, a water-circulating blanket was placed around
the phantom beaker and connected to a Blanketrol Il hyper-hypothermia system (Cincinnati
Sub-Zero, Cincinnati, OH, USA). Phantom temperature was monitored using a temperature
probe that was placed inside the fomblin medium. The same heating set-up was kept during
data acquisition. The temperature of the medium was 34°C during the CEST acquisitions.

Supporting Information Table S$1. B, amplitudes used to acquire in vivo human brain VDMP-CEST images and the
corresponding B, average power values for different mixing times.

Mixing times 0 10 15 20 40 60 100

(ms)

B, ampituce B, augpower M) Biagoner (1) By poner T Byogoner (1) By noner (T By goner (MT) By e (HT)
(uT)

0.99 117 0.96 0.89 0.83 0.68 0.59 0.48

1.99 2.35 1.92 1.77 1.66 1.36 117 0.96

2.81 3.31 2.70 2.50 2.34 1.91 1.66 1.35

3.26 3.85 3.14 2.91 2.72 2.22 1.92 1.57

3.7.3 Acquisition to investigate Lorentzian Fittings

To investigate the reliability of Lorentzian fitting parameters, a CEST sequence with a B,
amplitude of 0.99 uT and tmix of 10 ms and a larger frequency span was employed. A total of
57 frequencies were acquired between -75000 and 75000 Hz with the following values: 75000,
60000, 45000, 33000, 24000, 18000, 13500, 10500, 8400, 6600, 5100, 3900, 3000, 2250, 1800,
1500, 1350, 1200,1050, 900, 750, 600, 450, 360, 270, 210, 150, 90, 0, -90, -150, -210, -270, -360,
-450,-600, -750, -900, -1050, -1200, -1350, -1500, -1800, -2250, -3000, -3900, -5100, -6600, -8400,
-10500, -13500, -18000, -24000, -33000, -45000, -60000, -75000. CEST preparation employed
20 sinc-gauss pulses of 20 ms duration. For normalization, an M image was acquired at 80000
Hz. Histograms were made of fitting parameters when all 57 frequencies and when a subset of
27 frequencies between -1500 Hz and 1500 Hz are used.
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Supporting Information Table S2. Parameters used for Lorentzian fittings.

Parameter Start Lower Boundary Upper Boundary
e 0.8 0.05 1

FWHM,,... 1.4 0.3 10

Ay * 0.01 1

FWHM,,; 15 10 120

Ao 0.02 0.0 0.4

FWHM, . 3] 1 5

Ais the amplitude, FWHM is the full width at half maximum

* The starting value of the MT pool was determined to be equal to the (1-S/S ) at 56 ppm for each spectra.

Supporting Information Table §3. Mean 1-S/S values from the gray matter and white matter voxels are reported for

amide, rNOE and amines pool when using the most optimal B, and mixing time for each CEST pool detection.

Gray matter White matter
VDMP-CEST parameters / CEST Amides rNOE Amines Amides rNOE Amines
pools
B,=2.81uTandt =10ms 6% 7% 16% 5% 7% 14%
B,=0.99uTandt_ =10ms 4% 8% 8% 3% 10% 8%
B,=0.99uTandt  =40ms 3% 9% 7% 3% 12% 6%
120%
100%
80%
60% 120%
40% 100%
20% | 80%
0%
60%
120%
40%
100%
20%
80%
0%

Supporting Information Figure $1. B, maps from the human brain, corresponding to volunteers scanned with different
B, amplitudes: using a B, amplitude of 0.99 uT (A), 2.81 uT (B), 1.99 uT (C), 3.26 uT (D) and a fixed B, average power of
1.55 UT (E).
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Supporting Information Figure S2. Region of interest (in white) overlayed on the CEST image from the phantom, for all
different vials: 1) Glutamate, 2) Egg White (data not shown), 3) Mixture of glutamate and BSA 10% and 4) BSA 10%.
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Supporting Information Figure S3. Histograms of the fitting parameters and corresponding number of voxels for gray

and white matter respectively. The fitting parameters obtained using a larger frequency offset range (-75000 Hz to

750000 Hz) is compared with those obtained with a shorter frequency range (-1500 Hz to 1500 Hz).
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Supporting Information Figure S4. Average VDMP saturation build-up curves from all voxels included, and
corresponding standard deviation, for different mixing times, when the B, amplitude applied was 0.99 uT (A and B), 1.99
uT (C and D), 2.81 uT (E and F), and 3.26 uT (G and H), from gray (GM) and white matter (WM), respectively.
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Supporting Information Figure S$5. Z-spectra from in vivo human gray and white matter when scanning with a fixed B,
average power of 1.55 uT.
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Supporting Information Figure S6. VDMP build-curves from in vivo human gray and white matter when scanning with

afixed B, average power of 1.55 uT. In the upper row the magnetization transfer contrast is still present and in the lower

row it has been removed.
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Supporting Information Figure S7. B, corrected VDMP-CEST maps of the in vivo human gray and white matter
from four different mixing times (t_, ) and acquired with the optimal B, amplitude, which results in the most efficient

saturation for the CEST pool of interest.
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2.81uT

3.26uT

Supporting Information Figure S$8. B, corrected VDMP-CEST maps of amines contrast in the in vivo human gray and

white matter of mixing times (t_,) 10 ms at: A) B,=2.81 uT and mixing times (t_, ) Oms, B) B,=2.81 uT andt_ 10 ms, C)

B,=3.26 uTandt_, Oms & D) B,=3.26 uT andt_ 10ms.
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