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Abstract

Purpose—To develop an on-resonance variable delay multi-pulse (VDMP) scheme to image
magnetization transfer contrast (MTC) as well as the chemical exchange saturation transfer
(CEST) contrast of total fast-exchanging protons (TFP) with exchange rate above about 1 kHz.

Methods—A train of high power binomial pulses was applied at the water resonance. The inter-
pulse delay, called mixing time, was varied to observe its effect on the water signal reduction,
allowing separation and quantification of MTC and CEST contributions due to their different
proton transfer rates. The fast-exchanging protons in CEST and MTC are labeled together with the
short T, components in MTC and separated out using a variable mixing time.

Results—Phantom studies of selected metabolite solutions (glucose, glutamate, creatine, myo-
inositol), bovine serum albumin (BSA) and hair conditioner show the capability of on-resonance
VDMP to separate out exchangeable protons with exchange rates above 1 kHz. Quantitative MTC
and TFP maps were acquired on healthy mouse brains using this method showing strong gray/
white matter contrast for the slowly transferring MTC protons while the TFP map was more
uniform across the brain but somewhat higher in gray matter.

Conclusions—The new method provides a simple way of imaging fast-exchanging protons, as
well as MTC components with a slow transfer rate.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) is an MRI technique that is capable of
enhancing the MRI sensitivity of low concentration metabolites /7 vivo by making use of
their exchangeable protons (1-3). The technique utilizes radiofrequency (RF) irradiation to
saturate solute protons, most often in a frequency-selective off-resonance manner. This
saturation is subsequently transferred to water through chemical exchange of these protons,
resulting in a reduction in the water signal intensity. The CEST signal originates from the
mobile proteins and metabolites in biological tissues, while conventional magnetization
transfer effects originate from solid-like macromolecules, which are usually not directly
observable by MRI due to their extremely short T, introduced by the strong dipolar
couplings among the protons. Exchange and dipolar transfer are two types of magnetization
transfer (MT) and in order to distinguish them, we specify the latter mechanism as
magnetization transfer contrast (MTC), following a convention we set in earlier work (2).
Both CEST and MTC contrasts, sometimes convolved, have been shown to be sensitive to
pathological changes in tissues, such as neurological disorders (4-7), stroke (8-10), cancer
(11-16), cardiac fibrosis (17) intervertebral disc diseases (16,18,19) and renal failure (20).

CEST experiments are usually performed in a way closely resembling those for MTC and
saturation using RF pulses causes direct water saturation (DS), MTC, and CEST contrast to
occur simultaneously. To reduce MTC contributions and the width of the DS lineshape in
CEST studies, it is common to apply low power saturation pulses (21-23). This strategy
works well for slow-exchanging protons, such as amide proton transfer (APT) CEST and
relayed nuclear overhauser effect (NOE) CEST (2,24-26). However, adequate saturation of
fast-exchanging protons during their short life time on the low-concentration compound
requires a high B; field, which increases MTC effects and the water DS line-width, and
hence obscures the CEST signal. This seriously hampers the application of the CEST
technique for imaging fast-exchanging protons at clinical field strengths, especially hydroxyl
and amine groups for which the offsets are within a few hundred Hertz from the water
resonance at 3T.

We propose an on-resonance version of the variable delay multi-pulse (VDMP) CEST
approach (24), in which a train of high-B, binomial pulses is applied with the offset on the
water resonance and with a range of inter-pulse delays, i. e. mixing times. The mixing times
are varied in a manner similar to those used in the off-resonance VDMP sequence (24). The
binomial pulses act as labeling pulses for the fast-exchanging protons with minimal
perturbation of the water signal. Since the inherent T, of macromolecules in tissue is on the
order of 20 ps, they are also labeled by the same binomial pulses, but by efficient dephasing
of the excited transverse magnetization, which is the basis of pulsed MTC studies (23,27-
33). On-resonance saturation with binomial pulses has previously been proposed for MTC
studies (27-30,34,35). However, these methods either apply a single labeling pulse
(29,34,35), which has much less MTC effect, or utilize multiple pulses or binomial pulses
with a fixed inter-pulse delay (30,33). Previous efforts have focused on extracting
information about the MTC pool with relatively slow intermolecular saturation transfer
(exchange) rates. The fast-exchanging protons are usually assumed to be part of the MTC
pool, i.e. a simple two-pool model with population averaged rate is used, which not only
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ignores the important information about the metabolites in tissue, but also induces errors
when estimating the multiple pool size and exchange parameters for quantification of MTC
pool. The proposed method here can separate the slow MTC pool and fast-exchanging tissue
pool unambiguously by fixing the pulse number and varying the mixing time, which is used
as an exchange rate or dipolar transfer rate filter to separate the two pools based to their
unique characteristic buildup patterns as a function of mixing time (24).

An on-resonance pulse train for CEST studies has been proposed previously for detecting
paraCEST agents (36—38). Using a train of weak on-resonance pulses (< 8 uT) with
compensatory phases to achieve a zero flip angle for water magnetization, the slow-
exchanging water protons are restored to the initial state, while a small water signal loss
occurs in the presence of the paraCEST agent (often > 104 Hz) due to its rapidly exchanging
water molecules leaving the contrast agent during the pulses. More recently, use of an on-
resonance binomial pulse was introduced in the on-resonance frequency labeled exchange
(FLEX) technique (39) and the so-called transfer rate edited (TRE) CEST experiment (40).
In the FLEX version, a long train of on-resonance pulse-pairs (90° / —90°) is applied, and the
exchanging protons are labeled by varying the evolution time between these pulses, which is
followed by a constant exchange time (mixing time). Each pulse sequence section contains
an individual pulse-pair followed by a mixing time, which is called a label transfer module
(LTM). A short RF excitation pulse duration usually is applied (0.02 ms), allowed rapidly
exchanging protons to be labeled efficiently. The on-resonance VDMP scheme we propose
here, which can be seen as the FLEX sequence with zero evolution time between the pulses,
consists of a series of LTMs with binomial pulses of longer duration (2 ms) used to label the
fast-exchanging protons. However, the labeling strategy proposed in current method is
significantly different from the FLEX scheme. Since the evolution time is negligible, the
CEST labeling is achieved only using the pulse profile of the binomial pulses, and is
excitation based which is why the pulses are lengthened relative to the FLEX. For the semi-
solid MTC, labeling occurs both through dephasing of the transverse component and
saturation. Since the saturation is not frequency selective, all fast-exchanging protons
contribute to the signal. We first validate this technique on several common metabolites, a
protein (bovine serum albumin, BSA) and MTC phantoms (cross-linked BSA and hair
conditioner) to show the effectiveness in separating fast-exchanging protons and slow MTC
effects. We then perform in vivo mapping of the signal contributions of both the total fast-
exchanging protons (TFP) and the slowly-transferring MTC pool in mouse brain.

METHODS

Pulse Sequence

The on-resonance VDMP pulse sequence used for this study is similar to the off-resonance
VVDMP sequence (24), i. e., a train of high power pulses with proper mixing time followed
by an image acquisition module (Fig. 1A). In the current study, a simple binomial pulse
composed of two high power pulses with alternating phase (pp) was used instead of the
single pulse in the conventional VDMP approach, thus also resembling the on-resonance
FLEX with zero mixing time (39). The phases of the binomial pulse pairs were cycled
between each pulse unit (label transfer module or LTM) to suppress any residual
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magnetization in the transverse plane and related image artifacts (41). Although other
frequency-selective pulses can be used for on-resonance saturation, binomial pulses are very
suitable to minimize direct water excitation and the effect of By inhomogeneity. Similar to
off-resonance VDMP, the number of pulses was fixed while the mixing time was varied. The
observed MTC/CEST signal as a function of mixing time, i. e., the VDMP build-up curve,
can be calculated using the coupled Bloch equations for a two-pool model (27):

dM =AM

where M,,( and ML §) refer to the water and solute proton magnetization, respectively. Asis
the small pool to water exchange rate for the MTC or CEST pool, and x; is the fractional
concentration of the transferrable protons of these two pools relative to that of the water
protons. After each binomial pulse, the saturation becomes a ¢M; (0) in which a s denotes the
saturation efficiency of the transferring protons (CEST and MTC in this case), which
depends on the power of the RF pulse, the pulse width and the exchange (transfer) rate 4.
The water magnetization M,(J is also attenuated by a.,, due to the water direct saturation,
and the total water saturation is proportional to the sum of both effects integrated over the
total number of LTMs used. During the mixing time the magnetizations M) and M1
evolve according to Eq. 1. The above equation can be easily extended to a three-pool model,
where two pools represent slow and fast-exchanging protons, Ms sjoud#) and M 549,
respectively, with concentrations Xs sjoul Xs f2s7) and exchange rates & sioul Ks, fas0)-

dM =AM

L[ e ]
[ = ]Ws,slow(t)
{ M fast () J

R1w+kw,slow+kw,fa5t *ks,slow 7ks,fast
A= _kw,slow Rls,slow"‘ks?slow 0
_kw,fast 0 Rls,fast +ks,fasl (2)
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Usually, the exchange rates K sjo and K z25rare much larger than the /7y 5 of transferring
protons. Therefore, knowledge of the relaxation times R s siou (R1s 250 S not necessary for
the calculation of the VDMP buildup curves by assuming R;s+ ks~ ks The slow-
exchanging (slow transfer) pool in principle has contributions from any slow exchanging
protons, including those from metabolites, the conventional MTC pool and the relayed NOE
(rNOE) CEST pool (42). However, because the labeling of the MTC protons is instantaneous
(T, dephasing) and their pool size very large (~7-13% of the water signal in gray and white
matter, respectively) (27,43), their contribution dominates over other slow-exchanging
protons for which the concentration is in the millimolar range and saturation efficiency low.
We describe the slowly transferring pool “s = slowMTC"” with a corresponding fraction
XsiowmTc and the exchange rate is Agjouns7c The total pool of fast exchanging protons
(metabolites plus some MTC from fast-exchanging OH or amine protons in the semi-solid)
is named the total fast-exchanging proton (TFP) pool “s = TFP” with concentration x7zp.
Neglecting T1 and back exchange effects, the effect size basically is proportional to a.g X,
but saturation efficiencies and concentrations cannot be separated out in the current method
where only a single saturation power is applied, while exchange rates in the appropriate
range can be separated out by varying the mixing time. Therefore, the saturation efficiency
was assumed to be 1 for MTC when using high power excitation pulses and exploiting the
extremely short T, of the MTC pool. However, as mentioned above, the effective saturation
efficiency of the fast-exchanging protons is a function of the exchange rate. Therefore, an
a 7epx7Ep map will be calculated instead to reflect the combined effects of proton
concentration, and effective saturation efficiency (ay).

The VDMP buildup curves were simulated for protons with different exchange rates to
demonstrate the feasibility of distinguishing the exchanging proton pools by their unique
VDMP buildup patterns. The pulse profile of the pgbinomial pulse was calculated for three
typical pools: water protons, slowMTC protons and fast-exchanging protons. The pulse
excitation profile is critical for choosing a proper saturation power for the binominal pulses.
The excitation around zero frequency for the water pool should be minimized and uniform to
avoid image intensity variation due to By inhomogeneity. Two saturation power levels, 93.6
UT and 23.4 uT, with fixed pulse duration of 2 ms were simulated to represent high and
relatively low power situations. For fast-exchanging protons, the CEST signal will be higher
with longer saturation pulses considering the excitation bands are close to water. On the
other hand, long pulses also cause significant water direct saturation around zero frequency.
A pulse width of 2 ms was found to a good balance between these two factors.

In Vitro Phantom Experiments

Glucose (Glc, 50 mM and 200 mM), glutamate (Glu, 50 mM), creatine (Cr, 50 mM), myo-
inositol (ml, 50 mM), bovine serum albumin (BSA, 10%w/v), cross-linked BSA (10%w/v)
and hair conditioner (Suave) were selected to represent metabolites found in tissue, as well
as a mobile protein and MTC pools. The hair conditioner contains a lamellar structure
similar to membranes in neural tissues (44,45). Except for the hair conditioner, phantoms
were prepared in phosphate buffered saline (PBS), titrated to pH 7.3, and transferred to 5
mm NMR tubes. The cross-linked BSA was prepared by incubating the tubes in 80°C water
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for 10 min followed by slow cooling. All MRI experiments were performed on a horizontal
bore 11.7 T Bruker Biospec system (Bruker, Ettlingen, Germany) equipped with actively
shielded gradients of maximum strength 74 Gauss/cm. A 23 mm volume transceiver coil
was used, and images were acquired using a RARE sequence with TR/TE=10 s/4 ms, RARE
factor=32, slice thickness=2 mm, a matrix size of 64x64 within a FOV of 1.8x1.8 cm2. For
the saturation part, 4 and 32 binomial pulses with mixing times ranging from 0 ms to 130 ms
were applied. The pulse width was 2 ms with B, of 93.6 UT. Here, a high saturation power
was applied to achieve sufficient saturation of fast exchanging protons on solutes. The T,
relaxation times of the mouse brain and phantoms were measured using variable TR
(TR=0.5,1, 1.5, 2, 3.5, 5, 8 s) with the aforementioned imaging parameters. The T,
relaxation times were measured using a nonselective Carr-Purcell-Meiboom-Gill preparation
module followed by a RARE readout (46).

In Vivo Animal Studies

The institutional animal care and use committee approved this study. Three adult female
BALB/c mice (10-18 weeks) were used for testing the on-resonance VDMP method. All
animals were anesthetized using 2 to 2.5% vaporized inhaled isoflurane, followed by 1% to
1.5% isoflurane during the MRI scan. Mice were positioned with a bite bar and ear pins and
placed on a water-heated animal bed equipped with temperature and respiratory control.
Images were acquired using a 72 mm quadrature volume resonator as transmitter, and a 4-
element (2x2) phased array coil. The B field over the mouse brain was adjusted using field
mapping and global shimming up to second order. Images were acquired using a RARE
sequence with TR/TE= 8 s/ 4 ms, RARE factor= 8, slice thickness =1 mm, a matrix size of
64 x 64 within a FOV of 1.2x1.2 cm2. Four and 32 binomial pulses (B1=93.6 uT; 2 ms pulse
width) with 10 mixing times ranging from 0 to 150 ms were used for slowMTC and TFP
quantification, respectively.

Data Analysis

Data were analyzed with custom-written MATLAB scripts. The Matlab code used for fitting
the VDMP buildup curves can be found in the supplemental materials. The VDMP buildup
curves acquired using four binomial pulses for both phantom and mouse brain were fitted for
XstowmTc and Ksiouwnsre: Four pulses suffice due to the high MTC fraction and efficient
saturation through T2 dephasing. Although, the curves can also be fitted using a three-pool
model similar to the situation with 32 pulses, the contribution from the TFP pool is
negligible due to the low number of pulses. Therefore, a two-pool model (slowMTC pool
and water pool) was used for fitting VDMP buildup curves with four binomial pulses. The
water DS and water signal attenuation due to saturation and transfer of fast-exchanging
protons was assumed to be constant for different mixing times, which is valid assumption
when the number of labeling pulses is small (total water saturation buildup time is less than
600 ms when four binomial pulses are applied). When fitting the VDMP buildup curves
acquired with 32 pulses, three variable parameters (Xsiouwnsrc, Kstowmste: & TEPXTEP) Were
used in the fitting with a three-pool model. The measured T4 values obtained using the
variable-TR RARE sequence were used in the fitting. Both water direct saturation and
saturation transfer from fast-exchanging protons attenuate the water signal during the
labeling pulses while T4 recovery occurs between the pulses. Therefore, DS and T effects
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are not distinguishable by varying the mixing time in the on-resonance VDMP technique.
The observed water saturation efficiency will be a combined effect between water DS
efficiency (small due to the use of binomial pulses) and saturation transfer efficiency of the
TFP pool. Since exchange occurs rapidly during the pulses, no new saturation is transferred
during the mixing time and the signal decay of the fast-exchanging protons during the
mixing time is independent of the exchange rate and depends only on water T, (47). An
average exchange rate of 5 kHz was assumed for the fast-exchanging protons considering
the VDMP buildup curve is approximately independent of exchange rate when higher than 1
kHz (Fig. 1). The fitting on phantoms takes about 96 s with the two-pool model, and takes
about 868 s for the three-pool model on a Machook pro (2.7GHz dual-core Intel Core i5)
computer. The parameters were extracted using nonlinear least-squares curve fitting method
with a termination tolerance of 1073 for the function value.

In Figs. 1B&C simulations of the VDMP buildup curves as a function of mixing time are
shown for protons with different exchange rates using a VDMP sequence with 32 and 4
pulses of 2 ms length and a B of 93.6 UT. It can be seen that the curve shape is sensitive to
the exchange rate of slow-exchanging protons, but almost identical for exchange rates higher
than 1 kHz, since the transfer of saturation happens only during the pulses. In Figs 2A and
2B, the saturation profiles for water at pulse powers 93.6 UT and 23.4 uT, respectively, are
shown. A more uniform low saturation around water is achieved with high power pulses.
The pulse saturation profile is critical when using a large number of binomial pulses, since
the image artifacts due to By variation can accumulate and cause some black band artifacts.
From testing different B, values on the mouse brain, we found that images were artifact free
when B1 was higher than 46.8 uT, in line with these simulations. The simulations in Fig. 2C
show that the MTC pool with short T, (0.02 ms) can be fully saturated by high power
binomial pulses (>93.6uT) However, the saturation profile of the binomial pulse on the
exchanging protons is a complicated function of the exchange rate and saturation power (see
Figs. 2E and 2F). When the exchange rate is zero, the saturation profile is identical to the
periodical pulse profile measured by changing the water resonance frequency, with its
maximum located at the offset of the exchangeable protons of interest (2 ppm here). At
higher exchange rates, when the exchange regime changes from slow to intermediate to fast,
the exchangeable proton and water proton resonances begin to merge in a manner
proportional to the pool populations, effectively shifting the saturation profile towards water.
In Fig. 2G, the saturation effect on water is simulated as a function of exchange rate for
protons with a chemical shift offset of 2 ppm. Contrary to the MTC pool, a high saturation
efficiency is achieved for relatively low saturation power and high exchange rate (> 2 kHz),
which will allow us to separate out the slowly exchanging MTC pool from the total fast
exchanging proton pool.

Figure 3A illustrates a simulation of the observed CEST/MT signal when taking DS,
slowMTC and TFP contributions into account. In the simulations, parameters typically
obtained for cross-linked BSA were applied, i. . Xgounsrc = 10%, KsjoumiTc=50 HZ, T1=2
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sand T, =50 ms. The DS was assumed to be a single exponential decay curve, while the
TFP and slowMT was calculated using the two-pool model (Eg.1) and the above parameters.
The observed signal was calculated using the three-pool model (Eq.2). At zero mixing time,
the observed CEST/MT signal originates mainly from the DS and TFP pools. The
contribution from slowMTC pool increases with longer mixing times, while that of the DS
and FTP signals decreases. The time for the MT signal of slowMTC pool to reach maximum
is determined by the exchange rates of the slowMTC pool.

Phantom Experiments

Figs. 3B and 3C show the on-resonance VDMP curves measured for the phantoms. Due to a
significant amount of fast-exchanging protons in cross-linked BSA, the CEST/MTC signal
at zero mixing time is already around 7.8 %, while it is only 1.2 % for hair conditioner. The
signal of cross-linked BSA and hair conditioner builds up and then decays slowly with
respect to the mixing time for both four (Fig. 3B) and 32 (Fig. 3C) saturation pulses. The
parameters extracted by fitting the VDMP curves using two-pool and three-pool models are
listed in Table 1. The Xgouns7cand Ksounsrc Obtained using both four and 32 saturation
pulses are comparable. The hair conditioner exchange rate (22 Hz) was around half of that of
cross-linked BSA (50 Hz), while the Xgouns7c Were similar for both MTC phantoms. The
exchange rate of cross-linked BSA is in agreement with the values measured previously
using the selective inversion recovery method (45 Hz) (48) and CW-CEST (43 Hz) (49).
Figure 3E shows the Xgouns7c map determined using four binomial pulses. The metabolites
are not visible in the Xs/o,ns7c Map with the limited number of pulses. BSA solution only
shows weak Xg/ouns7c (mainly from rNOE-CEST) due to the low labeling efficiency of the
mobile protein by the binomial pulses.

On the other hand, signal from fast-exchanging protons, such as those in Glc and Glu, only
decays when the mixing time increases (Fig. 3C). Therefore, the X7 Values are close
to zero for the metabolites. The @ r7epx77p map displayed in Fig. 3F was calculated using the
three-pool model with 32 saturation pulses. Among the metabolites studied, Glu gave the
highest a 7zpx7£p value, which was due to the higher exchange rate (around 5.5 kHz) of the
amine group (50). The exchange rates of the hydroxyl groups in ml and Glc are only around
1-2 kHz (13,51) therefore resulting in lower saturation efficiency (Fig. 2G), i. e. weaker

a repx7epsignal. Cr also show weak contrast in the @ 7zpx72p map with the guanidine
groups exchanging only at a few hundred Hz (52). The concentrations and exchange rates of
the slow-exchanging protons can only be reliably obtained when the initial buildup process
in the onVDMP curves resembles the simulations in Fig. 1B. The exchange rate of amine
groups in Cr is already beyond the detection limit of current method, i. e. no buildup process
was observed for the Cr phantom. Although, the majority signal in hair conditioner comes
from slow-exchanging protons from the aliphatic protons of the lipids, there are still OH and
NH protons in the lipid head groups, which explains the relatively high @ 7epx7ep value in
the hair conditioner. The @ 7zpx72p is proportional to the concentration of the metabolites as
seen from the values of 50 mM (0.19) and 200 mM Glc (0.74) solutions. It is also interesting
to note the strong effect of the OH exchange on the T, in a manner proportional to
concentration (53,54).
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In Vivo Imaging of Mouse Brain

The on-resonance VDMP sequence was tested on the brains of healthy mice to estimate the
XstowmTC Kstownrrc @nd & repX7rp Values. The parametric maps of Xgounsrc and Ksowmre
obtained from saturation with four binomial pulses and fitted with a two-pool model are
shown in Figs. 4A,B. The Xsowmre KsiowmTe @nd a repX7ep maps generated by fitting a
three-pool model to on-resonance VDMP data acquired using 32 binomial pulses are shown
in Figs. 5A-C, respectively, and the values are reported in Table 2. The mixing time
dependencies of signals from the cortex (cx) and thalamus (th) (Fig. 4D) resemble the one
obtained from cross-linked BSA. The Agounsc values were of comparable magnitude when
applying four and 32 saturation pulses, but the fractions Xy Were quite different. The
exchange rate Ksounsrc Of the muscle (around 50 Hz) is much higher than that of brain.
Therefore, the edge of the mouse brain sometime shows high exchange rates due to a partial
volume effect. The @ r7epx7ep Map is presented in Fig. 5C, showing uniform signal across the
brain with an average value of 3.0+ 0.15 %. A small signal drop-off is visible in areas with
low SNR further away from the receive coil.

DISCUSSION

We designed an on-resonance VDMP scheme to separate and quantify the slowMTC and
TFP fractions in the brain. The binomial saturation pulses in this approach, which are similar
to the ones used in FLEX except for their length, could achieve much higher labeling
efficiency for fast-exchanging protons and the MTC than conventional CW or pulsed CEST
techniques. By applying an appropriate number of pulses and varying the mixing times, the
exchangeable proton pools with different exchange rates, such as TFP and slowMTC pools
could be well distinguished and quantified.

In phantoms, metabolites with fast exchanging protons such as Glu and Glc could be
highlighted with a series of 32 binomial pulses (Figs. 3E&3F), while the macromolecules
such as cross-linked BSA and lipids (hair conditioner) were already visualized with four
pulses. Proteins containing both fast and slow-exchanging protons showed high signal under
both situations. Both BSA and cross-linked BSA show high @ 7epx7p signal due to the
abundant amine groups on the protein (Table 1). The high signal of cross-linked BSA
compared to the same concentration of BSA solution (see Fig. 3 E&F) is most likely due to
the efficient saturation with 7, dephasing in the semi-solid material..

The brain contains a diversity of exchanging protons. Based on the current and previous
studies (42,45,55), three major components with approximately distinct exchange rate
ranges can be found in brain: (1) myelin lipids from galacto-cerebrosides and cholesterols
with slow dipolar exchange rates (< 20 Hz) (45,55); These also contain fast-exchanging
protons such as OH groups. (I1) small metabolites, some of which contain a large number of
fast-exchanging protons; (111) Proteins with a variety of molecular sizes contribute to both
slow and fast-exchanging protons. There also are some metabolites with slower exchange
rates, such as phosphate creatine (pCr) and creatine (Cr). The concentration of those
compounds is low compared to that of the total number of protons in proteins. Therefore,
they will not be discussed here. The aliphatic protons in proteins with large molecular size
can also exchange with water by a relayed dipolar transfer process through all types of
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exchanging protons (mainly amide protons) (2,42), which exchange at a rate similar to
dipolar exchange in myelin lipids (45). These relayed slow exchanging protons have an
exchange rate on the order of 40-50 Hz as measured in cross-linked BSA (see Table 1)(24).
However, the exchange rate will be significantly lower (< 20 Hz) for mobile proteins due to
the weak intramolecular dipolar coupling as seen from the BSA solution (24). The fast-
exchanging protons, such as the hydroxyl and amine groups on proteins have exchange rates
of 1 kHz and higher. As transfer of saturation of fast exchanging protons only happens
during the labeling pulses, the fast-exchange component can be significantly suppressed
when only few binomial pulses are applied in the on-resonance VDMP (Fig. 3E).

These basic mechanisms were also apparent in the brain studies. E.g. when four binomial
pulses were applied (Fig. 4), we mainly detected the slow exchanging components from
myelin lipids (1) and large proteins (I11), which displayed a lower average exchange rate,
kyowmte €. 9. the areas of the brain where myelin is abundant such as thalamus and corpus
callosum (Fig. 4B). Interestingly, this exchange rate is much lower than the reported values
in qMT studies by the pulsed MT method (50-60 Hz) (27,32,43,56). In most of qMT
studies, a simple two-pool model is used for fitting. Therefore, the measured exchanged rate
is an averaged value between slowMTC and TFP pools. The slow exchange rate of the
slowMTC pool indicates that the major contribution to slowMTC is from the myelin lipids
(component 1), which is consistent with the observation that the WM fraction is highlighted
in the image. Similar &suuns7c vValues were found when applying four and 32 saturation
pulses.

The range of X7 values found (Table 2) is quite consistent with previous quantitative
magnetization transfer (QMT) studies, where Xgons7c Was around 6-8% for grey matter and
11-15% for white matter (32), Interestingly, however, these fractions Xsunsc Were quite
different when using a different number of pulses. We tentatively attribute this to the fact
that when a large number of pulses is applied, the longer T, components, such as mobile
proteins, will also contribute to the signal. Therefore, the xg/ouns7c increases slightly with
higher pulse number. The a 7zpx72p map (Fig. 5C), which is an indication of the mobile
protein concentration (component 111) and the metabolites (component Il), is quite uniform
across brain in line with recent studies using off-resonance VDMP (57) and MRS (58)
techniques.

The binomial pulse is designed to label all exchanging protons in a way depending on the
excitation profile, except the water resonance (see Fig. 2). In our study on a preclinical
scanner, simple pgtype binomial pulses were applied due to their ease of setup and their
inherent property that the B; inhomogeneity can be compensated. The pulse power and
length need to be optimized to achieve the desired labeling frequencies for a particular
CEST application and field strength, and to minimize direct water saturation. In the current
study, we found negligible image artifacts with the combined use of phase cycling and
crusher gradients. However, when applying the method on clinical scanners, while
benefitting from improved B, and By homogeneity, the frequency difference with water
protons is smaller and the available maximum B is much less (~20 uT). Fortunately, the
simulations in Fig. 2 demonstrate that, for lower saturation powers, the excitation maxima of
the binomial pulse profile are shifted towards the water resonance,, which is thus beneficial
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for application at clinical scanners. However, at lower field, more sophisticated binomial
pulses or selective pulses may need to be implemented to optimize the frequency band-stop
around the water frequency.

CONCLUSION

The on-resonance VDMP technique proposed provides a simple and comprehensive way of
separately mapping slow and fast-exchanging protons in tissues. Besides the quantification
of the exchange rate together with macromolecule fraction, this technique can provide
further information about the metabolites in tissues. Although the total fast-exchanging
proton pool can be mapped, further study is still needed to correlate the map with the exact
concentration of a set of metabolites.
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Figure 1.
(A) On-resonance VDMP sequence with cyling of the pulses over four label transfer

modules (LTMs) by ¢1 =xy —x —=y; $2 = —x =y X y. Open rectangles represent hard pulses.
Simulation of the VDMP buildup curves for different exchange rates with 32 (B) and 4
binomial pulses (C). In the simulations, 2-ms pulses with B field of 93.6 uT was applied;
An exchanging proton concentration of 20 mM and an offset of 2 ppm was assumed. The
relaxation times of water and the exchanging protons were set to 2 s and 1s, respectively.
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(A-F) Pulse excitation profiles of the binomial pulse (pg) for the water pool (A and B),
MTC pool (C and D) and exchanging proton (CEST) pool (E and F). Two B, values, 93.6
UT (A, C and E) and 23.4uT (B, D and F), were simulated with 2 ms pulse width. In the
simulations, T, = 30 ms was used for the water pool. For the MTC pool, two typical T,
values (0.2 and 0.02 ms) with an exchange rate of 30 Hz were used, while T, = 10 ms and
exchange rates of 0 Hz and 5 kHz were applied for the exchanging solute protons. The
center of the MTC pool was set to =2 ppm. The chemical shift of the exchanging solute
protons was 2 ppm. (G) The water signal reduction due to CEST effect as a function of
exchange rate for two typical saturation powers (93.6 and 23.4 uT,) of the binomial pulse.
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(A) Simulation of the three contributions in the observed VDMP buildup curves, and their
typical patterns for on-resonance VDMP excitation: DS, slowMTC and TFP. (B) VDMP
buildup curves for hair conditioner, cross-linked BSA, MI (50 mM), Glu (50 mM) and Glc
(200 mM) recorded using four binomial pulses (2 ms, 93.6 uT). The solid lines are the fitted
curves using the 2-pool Bloch simulations. (C) The VDMP buildup curves obtained using 32
binomial pulses (2 ms, 93.6 uT) for hair conditioner, cross-linked BSA and Glc (200 mM)
are plotted together with the fitted curves from the 3-pool model. (D) MO image together
with the labels for the phantoms. (E) The slowMTC population fraction map calculated for
the 32-pulse situation using Eq.2 with a two-pool model. (F) The @ 7epXx7p population
fraction map as percent of the water signal calculated assuming a three-pool model.
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Figure 4.
Xsiowme (A) and exchange rate Kgiounsmcmaps (B) of mouse brain calculated from the

VVDMP buildup curves resulting from four binomial pulses (2ms, 93.6 uT) and fitted using a
two-pool model. (C) The MO images recorded on the same slice of the mouse brain. The
ROIs for obtaining the VDMP buildup curves are labeled. (D) The corresponding VDMP
buildup curves of the cortex (cx) and thalamus (th) together with fitted curves.
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Figure5.
Xsiowmtc (A), exchange rate Kspunsre (B) and a 7epx7ep maps (C) of mouse brain

calculated from the VDMP buildup curves resulting from 32 binomial pulses (2 ms, 93.6 uT)
and fitted using a three-pool model. (D) The corresponding VDMP buildup curves of cx, and
th together with fitted curves.
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Table 2

Fitted MTC fractions Xgownmre €xchange rates Ksownre and @ repXx e measured 71 vivo.

Cortex thalamus

XstowMTC (%)a 6.4+0.5 9.8+0.7
b 11.0+07 147+09
ks/aWMTC‘ (Hz)a 23.4£15 19.7+ 1.5

b 245+18 245+18

G e (%)0 30%015 30015

a\/alues obtained by fitting VDMP buildup curves with four pulses using two parameters.
bVaIues obtained by fitting VDMP buildup curves with 32 pulses using four parameters.

*
errors are standard deviation over the ROI
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