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Abstract

The exchange of water molecules between the inner-sphere of a paramagnetic chemical exchange
saturation transfer (PARACEST) contrast agent and bulk water can shorten the bulk water T,
through the T,-exchange (Toex) mechanism. The line-broadening Toey effect is proportional to the
agent concentration, the chemical shift of the exchanging water molecule, and is highly dependent
on the water molecule exchange rate. A significant Tpey contribution to the bulk water linewidth
can make the regions of agent uptake appear dark when imaging with conventional sequences like
Gradient-Echo and Fast Spin-Echo. The minimum echo times for these sequences (1 to 10 msec)
are not fast enough to capture signal from the regions of shortened T,. This makes “Off”
(saturation at - Acw) minus “On” (saturation at +Aw) imaging of PARACEST agents difficult since
the regions of uptake are dark in both images. It is shown here that the loss of bulk water signal
due to Toex Can be reclaimed using the ultra-short TE times (<10 psec) achieved with the Sweep
Imaging With Fourier Transform (SWIFT) pulse sequence. Modification of the SWIFT sequence
for PARACEST imaging is first discussed, followed by parameter optimization using in vitro
experiments. In vivo PARACEST studies comparing Fast Spin-Echo to SWIFT were performed
using EUDOTA-(gly)4™ uptake in healthy mouse kidneys. The results show that the negative
contrast caused by Toeyx can be overcome using the ultra-short TE achieved with SWIFT, thereby
enabling fast and sensitive in vivo PARACEST imaging.
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Introcuction

Exogenous contrast agents are often administered intravenously during magnetic resonance
imaging studies to highlight specific parts of the anatomy or to measure dynamic processes
(1). Current contrast agents alter the water proton T, or T, relaxation rates, causing regions
of tissue uptake to appear brighter or darker than the surrounding tissue. Chemical exchange
saturation transfer (CEST) agents use a combination of proton spin saturation and chemical
exchange to create negative contrast (i.e. darkening) in magnetic resonance images (2).
Protons bound to a CEST agent are frequency shifted away from the bulk water frequency
with the difference defined as Aw. Radiofrequency spin saturation at the exchanging proton
frequency (Aw) can produce partial saturation of the bulk water protons through chemical
exchange, provided that the rate of exchange between the bound and bulk proton pools is
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much slower than their frequency difference (i.e. kex <K Aw) (3). The magnitude of the bulk
water signal reduction is a function of CEST agent concentration, radiofrequency saturation
power and duration, and proton exchange rate. Diamagnetic CEST (DIACEST) agents
exchange —NH and —OH bound protons with bulk water protons and have typical chemical
shifts of around 1 to 5 ppm (4). Paramagnetic CEST (PARACEST) agents exchange either a
water molecule bound to the inner sphere of a lanthanide ion (Ln3* # La, Gd, or Lu) with the
bulk water, or —=NH protons on the ligand with bulk water protons (5). The chemical shifts of
water molecule protons bound to a PARACEST agent (e.g. 50 to -600 ppm) are much larger
than the —=NH or —OH protons of DIACEST agents, allowing for faster exchange rates as
well as saturation of the bound proton pool without direct saturation of the bulk proton pool
(6). One advantage CEST contrast agents have over Gd-based T4 agents is that the image
contrast can be turned on or off by the radiofrequency saturation pulse that precedes the
imaging pulse sequence. Also, the ability to have a wide range of bound proton frequencies
means that multiple agents could, in principle, be injected and imaged independently. Such
agents hold great potential to further extend the functional and molecular imaging
capabilities of MR (7,8). Some examples include measuring tissue pH (9,10), beta-cell
function (11,12), Zn2* ion concentration (13), and the tissue distribution of glucose (14-16).

We have recently shown for Eu3*-based PARACEST agents that the same water molecule
exchange that enables the CEST effect can also facilitate severe bulk water line-broadening
via the Ty-exchange (Toex) mechanism (17). Toex can significantly reduce the bulk water T,
(i.e. negative contrast) even in the absence of a CEST saturation pulse. This causes the
PARACEST agent to behave like a susceptibility or T, agent even though the origin of the
T, contrast is completely different. The magnitude of the line-broadening Togy effect is
determined by the PARACEST agent concentration, the chemical shift of the exchanging
water molecule, and the rate of water exchange between the bound and bulk water pool.
Early applications of Tpey with diamagnetic molecules containing exchangeable —NH or
—OH protons focused on suppressing the strong water signal in high-resolution proton NMR
spectroscopy (18-24). Toex Was first proposed as a method for MRI contrast using
diamagnetic complexes (25) and has recently been studied in vitro using the —NH proton
exchange of lopamidol (26). A current challenge for in vivo imaging of PARACEST agents
is that a significant Toey contribution can make regions of tissue uptake appear dark in both
the “Off” (saturation at - Aw) and “On” (saturation at +Aw) images when using conventional
pulse sequences like Fast Spin-Echo and Gradient-Echo. Having the regions of uptake
appear dark in both images makes “Off” minus “On” CEST imaging difficult, as the signal
difference between the two is minimized. We first observed this phenomena in mouse
kidneys (after intravenous injection) and in tumors grown from human cancer cell
xenografts (after intra-tumoral injection) while imaging untargeted Eu3*-based PARACEST
agents in vivo (27). Toex has also recently been observed in mouse kidneys using a Tm3*-
based PARACEST agent and the OPARACHEE (on-resonance paramagnetic agent
chemical exchange effect) pulse sequence (28,29). These image-darkening effects were seen
because the minimum TE for these sequences (1 to 10 ms) was not short enough to capture
signal from the regions of reduced T, caused by Togy.

We hypothesized that the ultra-short TE times (< 10 ps) used in the Sweep Imaging with
Fourier Transform (SWIFT) pulse sequence could reclaim the loss in signal due to Toey and
enable fast and sensitive in vivo PARACEST imaging. The SWIFT protocol uses swept
radio frequency excitation interleaved with nearly simultaneous acquisition to obtain images
with essentially zero TE times. The SWIFT technique is similar to the classic rapid scan
correlation experiment used in spectroscopy (30,31) and was first published in detail in 2006
(32). Along with TE times that are two-orders of magnitude smaller than conventional
Gradient-Echo 3D imaging, other advantages of SWIFT include insensitivity to motion and
flow noise, insensitivity to B, inhomogeneities from changes in susceptibility (e.g. air to
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tissue transitions in the lung), and fast and silent acquisition of true 3D data. In this article,
we first describe how the SWIFT protocol was modified for fast and sensitive CEST
imaging (SWIFT-CEST). Details of the SWIFT-CEST parameter optimization using in vitro
samples of the EUDOTA-(gly),~ PARACEST agent are given. We then show that SWIFT-
CEST can be used to overcome Ty effects by performing simple “Off” minus “On” CEST
imaging of EUDOTA-(gly)4™ uptake in healthy mouse kidneys at 9.4 T. The SWIFT-CEST
images are also compared to Fast Spin-Echo Multi-Slice images (FSEMS-CEST) under the
same conditions.

Materials and Methods

Software and Hardware

The SWIFT Launch Kit from Steady State Imaging (Minneapolis, MN) was used in these
experiments. The kit included the SWIFT software (beta version 580) for Agilent MRI
systems (Santa Clara, CA) and a 33 mm diameter SWIFT-compatible surface coil made
from non-hydrogen containing materials (e.g. Teflon). Both the in vitro and in vivo
experiments were performed on an Agilent 9.4 T small animal imaging system running
VnmrJ software (version 2.3 A). The optional SWIFT fat saturation (fatsat) pulse was
modified for use as the frequency-selective CEST saturation pulse. Fat saturation in SWIFT
is achieved by applying a brief saturation pulse, tuned to the adipose tissue methylene proton
(CH,) resonance frequency at 1.3 ppm, followed by a certain number of SWIFT “views”,
where each view is a single spoke in the spherical k-space spiral (33). The number of views
acquired between saturation pulses (the “nturbo” value) typically ranges from 16 to 32. The
fatsat and nturbo pattern is then repeated until the total number of requested SWIFT views is
acquired. For example, 8192 total views with an nturbo of 16 gives 512 fatsat pulses used
during acquisition. Details of the SWIFT pulse sequence are given in reference (32). The
SWIFT fatsat pulse was modified in three ways for CEST imaging applications. First, the
fatsat pulse width limit was increased to allow up to a 5 second long pulse. Second, in order
to help build up the saturation before imaging, the fatsat pulses were included in the dummy
scans. Third, to also help build up saturation before imaging, the option of placing a 5
second long saturation pulse before the dummy scans was enabled. A schematic of the
SWIFT-CEST pulse sequence is shown in Fig. 1. The repeated pattern of saturation
followed by partial k-space filling used in SWIFT-CEST is similar to that used for CEST
imaging with the Fast Spin-Echo Multi-Slice sequence (FSEMS-CEST) (34).

In Vitro Experiments

A 2 mL vial of EUDOTA-(gly)4” (75 mM) and a 2 mL vial of water (as a control) were used
to experimentally determine the optimal SWIFT-CEST settings. The objective was to
maximize CEST sensitivity while minimizing scan time. Both vials were placed together at
the center of the 33 mm diameter SWIFT-compatible surface coil. The coil was then
positioned at the gradient iso-center of the Agilent 9.4 T (400 MHz) small animal system.
The ambient temperature inside the gradient was 18 °C during the scans. The global SWIFT-
CEST settings used were TR = 1.23 msec, averages = 1, dummy scans = 512, points per
view (np) = 128, total views = 8192, spirals = 1, field of view = 100 mm, sweep width = 125
kHz, gain = 10, and flip angle = 6 degrees. The effective TE (i.e. t, from reference (32)) for
these settings was approximately 9 psec. For each fatsat pulse-width used (fatsat_pw = 0.5,
1, 3, or 5 sec) the value of nturbo was arrayed (nturbo = 16, 32, 64, 128, 256, or 512), with
each setting giving a different total acquisition time. For each fatsat_pw and nturbo setting,
the mean pixel value of the EUDOTA-(gly)4™ vial was first measured with saturation at the
“Off” frequency (fatsat_tof = -22,400 Hz, or -56 ppm) and then again at the “On” frequency
(fatsat_tof = +22,400 Hz, or 56 ppm). The percent drop in water signal in the EUDOTA-
(gly)4 vial (i.e. (1-On/Off)x100) was used to determine the sensitivity of each fatsat_pw and

Magn Reson Med. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Soesbe et al.

Page 4

nturbo setting, with sensitivity being proportional to signal drop. A fatsat B, power
(fatsat_pwr) of 20 wT was used for all in vitro experiments. These data were used to
determine which fatsat_pw and nturbo settings provided fast and sensitive SWIFT-CEST
images.

In Vivo Experiments

Results

Imaging data were acquired on an Agilent 9.4 T (400 MHz) small animal MRI system using
the 33 mm diameter SWIFT-compatible surface coil from Steady State Imaging. The mouse
was placed through the center of the surface coil with the coil plane transecting the kidneys
axially. The coil and mouse were then placed at the gradient iso-center. The core
temperature of the healthy female Black-6 mouse (20 g mass) was monitored with a rectal
thermocouple and maintained at 37 °C with heated air using the animal monitoring system
from Small Animal Instruments (Stony Brook, NY). A 1.0 mmol/kg dose of EUDOTA-
(gly)4~ was administered in 200 L via tail vein injection prior to imaging. The pH and the
osmolarity of the sample were adjusted to 7.0 and 300 mOsm, respectively, before injection.
The SWIFT-CEST “Off” and “On” images were acquired at 25 minutes post-injection while
the FSEMS-CEST “Off” and “On” images were acquired at 35 minutes post-injection. The
SWIFT-CEST settings were TR = 1.23 msec, effective TE (i.e. ty) ~ 9 psec, averages = 1,
dummy scans = 512, points per view (np) = 128, total views = 8192, spirals = 4, field of
view = 50 mm, sweep width = 125 kHz, gain = 20 dB, flip angle = 6 degrees, fatsat pulse-
width = 0.5 sec, nturbo = 64, fatsat power = 20 T, with an image scan time of 4 minutes 57
seconds and a pixel resolution of 0.391 mm. The FSEMS-CEST settings were TR = 5070
msec, TE = 8.41 msec, echo train = 8, averages = 4, dummy scans = 5, matrix = 128 x 128 x
1 pixels, field of view = 38 x 38 x 2 mm, saturation time = 5 sec, saturation power = 20 u.T,
with an image scan time of 5 minutes 35 seconds and an in-plane pixel resolution of 0.297
mm. An Off/On saturation frequency of -/+ 20,800 Hz (-/+ 52 ppm) was used for each
image protocol. Respiration gating was not used for the in vivo images.

In Vitro Results

A plot of absolute CEST effect (defined here as the percent drop in signal between the “Off”
and “On” images, i.e. (1-On/Off)x100 or (1-Ms/M@)*100) versus nturbo is shown in Fig.
2a, where each line represents data for a different saturation pulse length (fatsat_pw). It can
be seen that the CEST effect decreases as nturbo increases, and decreases more rapidly for
shorter saturation pulse lengths. This is expected as larger nturbo values mean more views
(and thus more time) between the saturation pulses, during which any built up saturation
begins to disappear as the spins return to Boltzman levels. Fig. 2a illustrates that maximum
CEST sensitivity is achieved using a long saturation time and small nturbo value. For
example, a saturation pulse length of 3 seconds with an nturbo of 32 views gives an 85%
CEST effect. Yet, it can also be seen that short saturation pulses with small nturbo values
give similar CEST effects. For example, a saturation pulse-width of 0.5 seconds with an
nturbo of 16 views gives an 83% CEST effect. The largest CEST effects seen in Fig. 2a are
similar to those achieved by imaging the sample with Gradient-Echo (77% CEST effect) and
Fast Spin-Echo (87% CEST effect) using a 5 second long, 20 . T saturation pulse.

A plot of total scan time versus nturbo is shown in Fig. 2b, where again each line represents
data for a different saturation pulse length. Although long saturation times and small nturbo
values give the highest CEST effects (Fig. 2a) they also give the longest scan times (Fig. 2b)
with the highest CEST effects having scan times over 10 minutes long. We also see from
Fig. 2b that shorter saturation times with small nturbo values, which have similar CEST
effects as seen in Fig. 2a, have much shorter scan times. For example, when comparing a 3
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second long saturation pulse with 32 views to a 0.5 long saturation pulse with 16 views, a
64% reduction in scan time (14 to 5 minutes) can be achieved with only a 4% drop in CEST
sensitivity (85% to 82%).

Based on these in vitro data, a 0.5 second long saturation pulse with an nturbo of 64 views
was used for in vivo imaging. Although the CEST effect for these parameters (75%) is 12%
lower than the maximum seen in Fig. 2a, the approximately 1 minute scan time allows for
improved SNR by acquiring four spherical k-space spirals in less than 5 minutes. It is
important to note that the same saturation pulse lengths and nturbo values used during data
acquisition were also used during the 512 dummy views. Also, it was observed that using a
5 second long saturation pulse before the dummy views yielded no increase in CEST effect.
This suggests that including the saturation pulses in the dummy views is sufficient to build
up the saturation to a steady-state. Therefore, the pre-dummy scan saturation pulse was
omitted for the in vitro and in vivo data.

In Vivo Results

Fig. 3 shows an example of negative image contrast generated in vivo from a PARACEST
agent with a strong Toey contribution to the bulk water linewidth. The figure shows Fast
Spin-Echo images of healthy mouse kidneys before (Fig. 3a) and 30 minutes after (Fig. 3b) a
0.5 mmol/kg intravenous dose of EUDOTA-(gly)4™. The same in vivo Fast Spin-Echo
settings previously described in Methods were used, but without saturation (here TR = 2500
ms, and total scan time = 3 min). An injection volume of 200 p.L was used for the 20 g
mouse. A 60% drop in kidney signal due to Ty Was observed. The concentration of
PARACEST agent within the kidneys is much higher than that of normal vascular space due
to nephron filtration of the agent from the blood. This makes the kidneys an ideal location to
observe Toey, Which is proportional to agent concentration. For an injection volume of 150
pL to 200 pL, the peak concentration of PARACEST agent within the mouse kidneys has
been estimated to be 20% to 25% of the injected concentration (28). Therefore, the
EuDOTA-(gly)4 concentration within the kidneys in Fig. 3b is approximately 10 mM.

Fig. 4 compares mouse kidney images taken with FSEMS-CEST to those taken with
SWIFT-CEST. Each image was taken sequentially after a 1.0 mmol/kg intravenous dose of
EuDOTA-(gly)4” and shows the same 2 mm thick coronal slice. For the FSEMS-CEST data
(Fig. 4a-c) there is very little difference in kidney signal intensity between the “Off” (Fig.
4a) and the “On” (Fig. 4b) images. Therefore, no obvious kidney CEST signal is seen in the
“Off” minus “On” image (Fig. 4c). The small amount of kidney signal seen in Fig. 4c has
the same intensity as the motion noise in the phase encoding direction. The minimum TE for
the FSEMS-CEST sequence (TE = 8.41 msec) is not short enough to capture adequate signal
from the regions of reduced T inside the kidneys, leading to low SNR in the CEST image.
Fig. 4d-f shows the results obtained with SWIFT-CEST, which are notably different. With
SWIFT-CEST, the kidney images now appear bright in the “Off” image (Fig. 4d) and dark
in the “On” image (Fig. 4e). This leads to a much larger signal difference and improved
SNR for the CEST image (Fig. 4f). With SWIFT-CEST imaging, the uptake of the agent by
the Kidneys is obvious, with intensity differences between the renal cortex, medulla, and
pelvis clearly seen. Quantitative analysis showed a 50% average reduction in signal intensity
within the kidneys when comparing “Off” versus “On” SWIFT-CEST images.

Disscussion

It is known from previous PET/CT data collected after injection of EUDOTA-(gly),™ doped
with a small amount of 54CuDOTA-(gly)4” that untargeted agents such as this are cleared
from the vascular space by the kidneys and deposited into the bladder (27). A typical clinical
dose of 0.1 mmol/kg showed a strong PET signal in both the kidneys and bladder, with
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signal remaining in the Kidneys for over an hour. Imaging the agent within the bladder is
easily achieved using Fast-Spin Echo or Gradient-Echo “Off” minus “On” CEST techniques
and is similar to in vitro CEST imaging. This is primarily due to the largely aqueous content
of the bladder, relatively low agent concentration, and lack of magnetization transfer (MT)
effect (35). Yet, using these same protocols to image the kidney uptake is problematic, and
is mainly due to the high concentration of agent within the kidneys leading to an increased
Toex effect and shortened bulk water T,. By using SWIFT-CEST, the kidney images were
no longer dark in both the “Off” and “On” saturation images, but rather are dark in only the
“On” image (Fig. 4). Therefore, imaging the agent in kidney tissue is now as simple and
straightforward as imaging the agent in the bladder.

Although SWIFT-CEST can overcome Toey, the MT effect is still present in tissues like the
kidneys. The in vivo MT effect, which is caused by proton exchange with tissue
macromolecules, spans from approximately 100 to -100 ppm and can mask the CEST effect
by significantly reducing the difference between the “Off” and “On” images. In order to
overcome the kidney tissue MT effect caused by the CEST saturation pulse, high
concentrations of EUDOTA-(gly)s” (Aw =50 ppm) were used. It has been estimated that for
a 0.4 mmol/kg in 150 pL dose of PARACEST agent (50 mM) the concentration within the
kidneys reaches a maximum of 10 mM within 10 to 25 minutes post injection (28).
Although these concentrations might seem high for molecular imaging, they are necessary
for the strong MT effect not to dominate the kidney CEST images. Yet, these high
concentrations lead to a large Toey effect and thus, complications from negative contrast.
One potential method to overcome the MT effect and to improve CEST sensitivity is to use
a lanthanide atom with an exchange frequency outside of the MT effect window, for
example Th3* (Aw = -600 ppm) (36). Unfortunately, the increase in Aw will also lead to an
increase in Toey, especially for agents with intermediate water exchange rates (17). Also,
unlike Eu®*, Th3* and other lanthanide ion complexes exhibit significant paramagnetism,
which (like Toey) Will reduce the bulk water T in regions of agent uptake. Therefore,
SWIFT-CEST will most likely also be needed to image PARACEST agents that have
chemical exchange frequencies outside the MT window. Other potential applications for
SWIFT-CEST include imaging polymeric PARACEST agents (which have multiple
lanthanide atoms per molecule, and thus high intrinsic concentrations) (37) and imaging at
higher fields (which also increases Toey).

One drawback of the current hardware used for SWIFT-CEST imaging is that the 33 mm
diameter surface coil has a large excitation volume when compared to the mouse kidney
volume. If the SWIFT field of view is confined to just the kidneys (e.g. 25 mm diameter)
then signal from the tissue outside the field of view is “folded back™ on to the image,
creating distortion and poor SNR. SWIFT imaging is greatly improved when the excitation
volume is equal to the subject volume. This allows for better image quality through higher
resolution and better SNR. In order to improve our future SWIFT-CEST imaging, a custom
SWIFT-compatible volume coil with an excitation length of 25 mm is currently being
constructed.

Conclusion

These data show that the ultra-short TE used in SWIFT-CEST (<10 psec) is able to
overcome Toey CoONtrast by capturing the signal from the regions of reduced T inside the
kidneys, allowing for fast and sensitive CEST imaging using simple “Off” minus “On”
techniques.
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FIG. 1.

A schematic of the SWIFT-CEST pulse sequence. The modified fat saturation (fatsat) pulses

are included in both the dummy scans (512 views total) and the acquisition scans (8192

views total). An optional pre-phase encode loop saturation pulse (up to 5 seconds long) was
added to insure steady-state saturation before the imaging pulses.

Magn Reson Med. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Soesbe et al.

Page 10

5sec
3sec

1sec

1-MM_ (%)
N a [o)] ~ [e]
o o o o Q

0.5sec

a 0 100 260 300 400 500
nturbo (views)

) 5sec
3 sec

total scan time (min)
N S8 0 ® o nv

1sec
0.5sec

b 0 100 200 300 400 500
nturbo (views)

FIG. 2.

(a) A plot of CEST effect versus SWIFT-CEST nturbo values for several different fatsat
pulse lengths (shown at right). The CEST effect decreases as nturbo increases for each pulse
length, with shorter pulse lengths decreasing more rapidly. (b) A plot of total scan time
versus SWIFT-CEST nturbo values for several different fatsat pulse lengths. The total scan
time increases as nturbo decreases for each pulse length.
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FIG. 3.

(@) A 2 mm thick Fast Spin-Echo coronal slice of healthy mouse kidneys before injection of
PARACEST agent. (b) The same slice 30 minutes after a 0.5 mmol/kg intravenous dose of
EuDOTA-(gly)4™. A 60% drop in kidney signal is seen due to T, shortening from Toey.
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FIG. 4.

(a-c) A CEST image sequence taken with FSEMS-CEST after a 1.0 mmol/kg intravenous
dose of EUDOTA-(gly)4". No obvious kidney signal was observed in the “Off” minus “On”
difference image. (d-f) The same coronal slice as in (a-c) acquired using SWIFT-CEST. The
uptake of the agent by the kidneys is now clearly seen in the CEST image.

Magn Reson Med. Author manuscript; available in PMC 2013 September 01.



Soesbe et al.

(1-Ms/Mo)x100/SQRT(scan time)

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

R1.4 Plot

Page 13

= -
/.'—

/.

///
/-7

\

/
|

&

100

Magn Reson Med. Author manuscript; available in PMC 2013 September 01.

200

300

NN i

500

——0.5sec
1 sec
=3 sac
=5 sec



