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sive MRI contrast agent may serve as an
“internal control” to isolate the detection
of the molecular biomarker. Chemical
exchange saturation transfer (CEST) MRI
contrast agents can be selectively detected, providing the opportunity to combine a responsive CEST agent and an unresponsive
CEST agent during the same MRI scan session.

When two CEST MRI contrast agents are used for molecular imaging applications, the CEST agents should be designed to max-
imize accurate quantification of the concentrations of the two agents. From a chemical perspective, CEST agents behave like enzymes
that catalyze the conversion of an unsaturated water “substrate” into a saturated water “product”. The analysis of CEST agent Kinet-
ics parallels the Michaelis—Menten analysis of enzyme kinetics, which can be used to correlate the CEST effect with the concen-
tration of the agent in solution. If the concentration of water “substrate” that is available to the CEST agent is unknown, which
may be likely for in vivo MRI studies, then only a ratio of concentrations of the two CEST agents can be measured. In both cases,
CEST agents should be designed with minimal T; relaxivity to improve concentration quantifications.

CEST agents can also be designed to maximize sensitivity. This may be accomplished by incorporating many CEST agents within
nanoparticles to create a large number of exchangeable protons per nanoparticle. Finally, CEST agents can be designed with rapid
detection in mind. This may be accomplished by minimizing T; relaxivity of the CEST agent so that MRI acquisition methods have
time to collect many MRI signals following a single selective saturation period.

In this Account, we provide an example that shows the sensitive and rapid detection of two CEST agents in an in vivo MRI
study of a mouse model of mammary carcinoma. The ratio of the concentrations of the two CEST agents was quantified with anal-
ysis methods that parallel Michaelis—Menten enzyme kinetic analysis. This example demonstrates current limitations of the method
that require additional research, but it also shows that two CEST MRI contrast agents can be detected and quantitatively assessed
during in vivo molecular imaging studies.
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Introduction

A variety of biomedical imaging contrast agents can be
designed to change image contrast in response to a molecu-
lar biomarker. However, these responsive contrast agents
often respond to multiple types of molecular biomarkers or
other molecular environmental conditions. In particular, phar-
macokinetic processes that change the concentration of the
agent in tissue can cause a change in image contrast, which
compromises the assignment of changes in image contrast to
a molecular biomarker. A solution to this problem involves the
inclusion of a second contrast agent that is unresponsive to
the molecular biomarker but is responsive to all other molec-
ular biomarkers or molecular environmental conditions as the
first agent, which is used as an “internal control agent”. A com-
parison of the responses of both contrast agents can be used
to isolate the detection of the intended biomarker. Due to vari-
ability among patients, clinical protocols, and clinical imag-
ing hardware, the inclusion of an “internal in vivo control
agent” may be particularly advantageous for translating
molecular imaging to clinical practice.

A variety of responsive magnetic resonance imaging (MRI)
contrast agents have been developed during the past decade
that can respond to nucleic acids, proteins, enzymatic activi-
ties, redox states, metal ions, and pH.T Most of these contrast
agents change their T; or T, relaxivities in response to a
molecular biomarker, which leads to a change in image con-
trast. Unfortunately, the selective detection of multiple T, or T
MRI contrast agents can be a daunting challenge, because the
effects of these multiple agents combine to cause a single
measurement of T; or T, relaxation change. Although the
selective detection of one T; MRI contrast agent and one T,
MRI contrast agent is feasible, the strong correlations between
T, and T relaxation require careful calibrations to differenti-
ate and quantify both relaxation effects.? Instead, the T, and
T, relaxation effects can be measured from the same agent
rather than from two different agents, which may be a more
practical approach.?

As an alternative, two MRI contrast agents can be selec-
tively detected through the mechanism of chemical exchange
saturation transfer (CEST).* These contrast agents contain pro-
tons that undergo chemical exchange with protons of sur-
rounding water molecules. Selective saturation of the MR
signal of the proton can eliminate the MR signal of the pro-
ton. Subsequent chemical exchange of this saturated proton
with a proton on a water molecule transfers the saturation to
the water, which reduces the total detectable MR signal of
water. Two CEST agents can have exchangeable protons with
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unique chemical shifts, so that each CEST agent can be
detected in the presence of other agents. Thus, two CEST MRI
contrast agents may provide important advantages for quan-
titative molecular imaging.

Physicochemical Properties of CEST MRI
Contrast Agents

An exchangeable proton on a CEST MRI contrast agent must
have a unique MR chemical shift relative to the chemical shift
of the same proton on a water molecule. The chemical
exchange rate must be less than the difference in MR frequen-
cies between the CEST agent and the bulk water, in order to
avoid coalescence of their respective MR signals during detec-
tion. Although some diamagnetic CEST (DIACEST) agents have
chemical shifts as large as 6.33 ppm (relative to the chemi-
cal shift of water that is referenced to 0 ppm), most DIACEST
agents have chemical shifts of 1—4 ppm, which limits the
design of CEST agents to slowly exchanging amide, amine,
imine, guanidinium, indole, pyrimidine, imidazole, and alco-
holic chemical groups.* Paramagnetic CEST (PARACEST) agents
contain lanthanide ions that increase the chemical shifts of
amide, amine, and alcoholic groups up to about +50 ppm,
which allows PARACEST agents to be designed with chemi-
cal groups that have much faster chemical exchange rates.>~”
In addition, PARACEST agents can be designed to bind to a
water molecule with sufficient strength that the water mole-
cule exchanges with surrounding water at a rate that is slow
enough to generate a CEST effect.® The proximity to the lan-
thanide ion can cause the bound water to resonate at CEST-
detectable chemical shifts as large as 580 ppm, which further
expands the chemical design of CEST agents.® Therefore, a
wide variety CEST agents can be designed with exchangeable
protons at different chemical shifts that may be selectively
detected during the same MRI study.

Steady-state chemical exchange between water and an
exchangeable proton on a CEST agent can be described by a
two-pool model (Figure 1). The Bloch equations that describe
MRI signals can be modified to include this chemical
exchange, which can be used to link the effect of CEST to the
physicochemical properties of the CEST agent and water (eq
1).'° These properties include the T, relaxation time of the
water in the presence of the agent, which is linearly depend-
ent on the concentration of the agent (eq 2). This theory
assumes that the contrast agent is completely saturated at
steady state. This condition can be met for most CEST MRI
contrast agents by applying selective RF saturation for a few
seconds at a strong saturation power. Care must be taken to
ensure that the strong saturation power is below safety lim-
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FIGURE 1. The CEST (A) two-pool model and (B) multiple-pool model. [H,O]ps indicates water that is directly saturated; [H>Olwr indicates
water that undergoes chemical exchange with selectively saturated protein; [H,O], indicates water that is inaccessible to the CEST agent due
to biological compartmentalization; [H,Olyca indicates water that exchanges protons with unsaturated CEST agent; [H,Olyp indicates water
that exchanges protons with unsaturated proteins; [H,O], indicates apparent water concentration that can be saturated by the saturated

CEST agent.

its for in vivo studies. Care must also be taken to avoid direct
saturation of bulk water, although analysis methods to
account for the direct saturation of water are discussed below.

M 1

My neA[CAIT,
Ny olH0lz,
CEST following a two-pool model

(1)

where M; is water magnetization at steady-state selective sat-
uration of the contrast agent, M, is water magnetization with-
out saturation, nca and ny,o are the number of exchangeable
protons on the contrast agent and water, [CA] and [H>O] are
the concentrations of contrast agent and water, T, is the lon-
gitudinal relaxation time of the water in the presence of the
contrast agent, 7, is the average residence lifetime of the
exchangeable proton on the contrast agent, which is equal to
1/kex Where ke is the chemical exchange rate.

1 1

7, hicAr 70 2
longitudinal relaxation with a contrast agent

where rq is the longitudinal relaxivity of the contrast agent and

Thw is the longitudinal relaxation time of the water without the

contrast agent.

From a chemical reaction perspective, the CEST process
converts water from an unsaturated “reactant” to a saturated
“product”. The CEST agent acts like an enzyme catalyst for this
reaction, because an unsaturated proton that is transferred
from water to the CEST agent is immediately saturated by MR
radio frequencies, so the CEST agent is unaffected by the
exchange reaction and can immediately “catalyze” the satu-
ration of another water molecule. Although the CEST agent
constantly associates with a new water molecule at a diffu-
sion-controlled time frame of ~1—10 ns, a proton is
exchanged between these molecules at a relatively slow rate
of 0.2—2 ms (i.e., the exchange is base-catalyzed or requires
the metal-bound water to dissociate from the agent, which are
relatively slow events). In effect, the CEST agent can be con-

k, k,
A [El+[S] = [ES] = [E1+[P]
K4
kdiff kex

B [CA]+[H,0], _\‘_ [CA°*H,0],
T, Kaits Tm

== [CA] +[H,0]s

FIGURE 2. The reaction schematics of (A) Michaelis—Menten
enzyme kinetics and (B) CEST are similar. Terms are defined in eqs
1, 3, and 4; nca and ny,o are omitted for clarity.

sidered to be “free” of water that can exchange a proton or
“bound” to water that can exchange a proton. Thus, eq 1 that
describes CEST is analogous to the Michaelis—Menten equa-
tion that describes steady-state enzyme—substrate kinetics (eq
3, Figure 2).'" Both equations describe an experimental mea-
surement that is a fraction of a maximum effect (i.e., Ms/Mg
and Vo/Vmay). Both equations include a catalyst (nca[CA] and [E])
and a reactant (unsaturated ny,o[H.O] and [S]). The remain-
ing terms in eq 1 are analogous to the Michaelis dissociation
constant (eq 4). Because the rate of catalysis (kex, Chemical
exchange rate, equivalent to k,) is much slower than the rate
of dissociation of the CEST agent and a water molecule (Kqs,
water diffusion rate, equivalent to k_,), the T1/ty, ratio is equiv-
alent to [S]/[ES]. This is intuitive, because the T, relaxation time
represents the time frame that the MRI-detectable water is not
associated with the contrast agent ([S]), while the 7., residence
lifetime represents the time frame that the unsaturated water
is associated with the CEST agent ([ES]).

Vo 1

Vmax 1+ %\i[ (3)
Michaelis—Menten enzyme kinetics
Ktk koS
M K, k4 [ES]
the Michaelis constant

it k_;>ky ()

where V, is the initial reaction velocity for a particular [S]; Vimax
is the maximum reaction velocity, when [ES] > [E]; [S], [E], and
[ES] are the concentrations of substrate, enzyme, and
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enzyme—substrate complex; k; and k—; are the rates of asso-
ciation and dissociation of the enzyme—substrate complex,
and k; is the rate of catalysis.

Quantification of Two CEST MRI Contrast
Agents

The Michaelis—Menten equation can be analyzed in the form
of the Lineweaver—Burke equation, Eadie—Hofstee equation,
or Hanes equation.'>~'* The CEST equation can be similarly
rearranged to form analogous linear plots (eqs 5—7, Figure
3A—C). The results of each linear analysis can be rearranged
to provide a calibration of the CEST effect (1 — My/M,) rela-
tive to concentration of the agent (eqs 8—10, Figure 3D—F).
We have previously reported the use of a Lineweaver—Burke-
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Lineweaver—Burke-like CEST equation
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1+ (Al
like CEST plot for correlating the CEST effect with the concen- eq 1 with the slope (m) and y-intercept (b) of eq 5
tration of the CEST agent.'> However, an error analysis shows
M

that the Hanes-like CEST plot produces the most accurate _s 1
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results, especially for small CEST effects (Figure 3G—1).

eq 1 with the slope (m) and y-intercept (b) of eq 6
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FIGURE 3. The (A) Lineweaver—Burke-like CEST plot, (B) Eadie—Hofstee-like CEST plot, and (C) Hanes-like CEST plot were simulated for a
CEST agent that generates 5% CEST at 1 mM concentration. The thick line shows the case with no systematic error, and the thin lines
represent the effect of adding +1% or —1% to the CEST measurement. (D—F) A CEST—concentration calibration can be constructed from
each of these linear relationships. (G—I) The same CEST—concentration calibrations as graphs D—F, but ranging from 0 to 1 mM. These
graphs show that the calibration is most accurately determined from the Hanes-like CEST plot, because the thick and thin lines are
indistinguishable in graph I.
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Mg 1
Mo 14 [CA](% - —m[gA] - (10)
eq 1 with the slope (m) and y-intercept (b) of eq 7

The two-pool model assumes that the water pool is not
directly saturated. During in vivo MRI studies, the distribu-
tion of water chemical shifts approximates a broad Lorentz-
ian function centered at O ppm, so selective saturation at a
chemical shift that is far from O ppm can still directly satu-
rate a fraction of the water pool. Furthermore, the two-pool
model can be extended to account for the presence of a sec-
ond pool that represents a CEST agent that is not selectively
saturated (Figure 1B)."® This second CEST pool can exchange
nonsaturated protons with the water pool, which can replen-
ish saturated water with unsaturated protons that effectively
reduces the measured CEST effect from the first CEST pool.

Despite these additional pools, the simple steady-state two-
pool model can be used to empirically correlate a CEST effect
with the concentration of one CEST pool while in the pres-
ence of a second CEST pool and with direct saturation of water
(Figure 4).° These empirical correlations underestimate the
CEST effect that can be calculated from the measured values
of Tyw, 11, Tm, Nca, [CA], and np,0. We speculate that the empir-
ical correlation uses a water concentration that is less than the
total water concentration in the sample. Under steady-state
conditions, the direct saturation of a fraction of the water pool
effectively reduces the concentration of unsaturated water that
can interact with the saturated CEST pool. Similarly, the unsat-

A 0.020 B 20%
amine amine
0.015 15%
Mn
v 0.010 Z 10% )
[CA] . o amide
0.005 amide 5%
0.000 - T T 0% - T T r )
0.00 0.10 0.20 0 5 10 15 20
%4 [CA] (mM)
C

2D schematic 3D model

FIGURE 4. (A) The Hanes-like CEST plot and (B)
CEST—concentration calibration for (C) Yb—1,4,7,10-
tetraazacyclododecane-N,N’,N"-triacetic acid-N"-orthoaminoanilide
(Yb—DO3A-0AA).° The molecular model was constructed using CS
MOPAC Pro v. 8.0 within Chem3D Ultra v. 8.0. A metal atom was
inserted in the binding pocket of the model, and metal—ligand
distances were constrained during final energy minimization with
the MM2 force field.
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urated second CEST pool effectively reduces the concentra-
tion of the unsaturated water pool that can be saturated
through exchange with the saturated CEST pool. Therefore,
the water concentration listed in eq 1 should be redefined
as the “apparent water concentration”, [H,O],, that appears to
interact with the saturated CEST pool.

The [H,0]a may be especially difficult to determine in tis-
sue studies. PARACEST agents are typically polar and do not
easily penetrate cells. Water that remains inside cells through-
out the selective saturation period will not interact with the
CEST agent and is excluded from [H,O],. Water that
exchanges between intracellular and extracellular compart-
ments during the selective saturation period will have fewer
opportunities to interact with the CEST agent relative to water
that remains in the extracellular compartment throughout the
saturation period and therefore contributes less to [H,O]a. The
pool model can be further extended to account for the pres-
ence of exchangeable protons on proteins within tissues (Fig-
ure 1B).'” This protein pool has a broad super-Lorentzian
distribution of chemical shifts that span about +50 kHz.'®
Selective saturation within this chemical shift range will satu-
rate a fraction of this protein pool that can exchange with the
water pool. The large majority of the protein pool remains
unsaturated and can exchange unsaturated protons with water
and effectively reduce the measured CEST effect from the sat-
urated CEST agent. The combination of these effects from the
protein pool further reduces [H,Ola. Thus, the quantification of
the absolute concentration of a saturated CEST agent in tis-
sue may be intractable.

In vivo pharmacokinetics cause CEST agents to be heter-
ogenously distributed within tissues. The inability of polar
PARACEST agents to easily penetrate cells is one example that
causes compartmentalization of the agent. The dimensions of
these compartments are less than the dimensions of a MR
image voxel, so the image voxel represents an average of the
compartments. Because the magnitude of the CEST effect is
nonlinear with respect to concentration (Figures 3D—I, Figure
4B, Figure 5C—D), the CEST effect measured from the image
voxel represents the nonlinear weighted average of the CEST
agent’s concentration in the compartments. This nonlinear
weighting causes a heterogenously distributed CEST agent to
produce less CEST effect relative to a homogeneous distribu-
tion of the agent, which causes the average concentration to
be underestimated. This issue reinforces that the quantifica-
tion of the absolute concentration of a saturated CEST agent
in tissue may be intractable.

As an alternative to measuring absolute quantifications,
the quantification of the relative concentrations of two CEST
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FIGURE 6. A Z-spectrum and a NMR spectrum of Tm—DOTA-Gly.

agents in tissues may be feasible. For example, if the r;
relaxivity of two CEST agents is negligible, then the con-
centration ratio of two CEST agents is a simple function of
their CEST effects, exchange rates, and number of
exchangeable protons (eq 11). This condition is met by
DIACEST agents,'® and may also be met by PARACEST
agents with low-relaxivity lanthanide ions or rapid
exchange rates.?° As another example, if two CEST agents

920 = ACCOUNTS OF CHEMICAL RESEARCH = 915-924 = july 2009 = Vol. 42, No. 7

change their CEST effects at different linear rates while the
ry relaxivities of both agents remain invariant, then the ratio
of the time-dependent change in concentrations of the
agents is a function of their CEST effects, exchange rates,
and number of exchangeable protons, regardless of the
magnitude of each agent’s rq relaxivity (eq 12). Both of
these functions are linear, so these analyses are not
affected by heterogeneous tissue distributions of each
agent, as long as the relative concentrations or relative
changes in concentrations are homogeneous throughout
the tissue that is represented by a MR imaging voxel. These
relative quantifications rely on an equal [H,0]a for both
CEST agents. Pairs of CEST agents that have chemical shifts
that are unequally distant from 0 ppm may need to account
for an unequal [H,O]a for each agent due to unequal direct
saturations of water and unequal saturations of the pro-
tein pool. These systematic effects may be determined prior
to injection of the CEST agents, and egs 11 and 12 can be
modified to include a constant factor that represents the
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ratio of [H,O]a for the agents. Future CEST MRI studies of tis-
sues will be required to investigate the applicability of these
ratiometric approaches.

T_m(%_ 1)
1

[CAl,  Nca, \Ms . Nea
[CAL ~ 7, (M, L7 =h
i 1) (o,
for each agent (11)
Nea, 1 1
), ()
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where x = type of contrast agent and t, = time point for
[CA]x,ty and (Mo/MS — ])X,ty and

1 1
[CAL, [CAL, I[CAl,, —ICA],

1.1 [CAL, —ICAlL,
[CAL,;  [CAL,

if [CAlxt, = 0 and changes in concentration are linearly
dependent on time.

Sensitivity of CEST MRI Contrast Agents

A concentration of 1—10 mM of a small molecule CEST agent
is typically required to generate a 5% CEST effect. Chemical
designs have been demonstrated that increase kex and
improve the CEST sensitivity.' But kex must be less than the
chemical shift of the contrast agent, so efforts to increase ke
to improve CEST sensitivity are inherently limited. Chemical
designs that reduce or eliminate r; relaxivity can also improve
CEST sensitivity. But the T relaxation time of the water with
the agent must be no greater than the T, relaxation time of
the water without the agent, so efforts to eliminate r, relaxiv-
ity to improve CEST sensitivity are also inherently limited.
Inspection of eq 1 shows that the only remaining parameter
that can be exploited to improve CEST MRI sensitivity is the
number of exchangeable protons per molecule.

Dendrimers can be used as a nanocarrier to transport many
PARACEST contrast agents.?? We have developed polyami-
doamine (PAMAM) dendrimers that carry many PARACEST
agents to demonstrate the utility of dendrimers for boosting
PARACEST sensitivity.>> DOTA-Gly with an isothiocyanatoben-
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zyl group (S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacy-
clododecane-tetraacetic acid) was conjugated to the surface
amine groups of a generation-5 PAMAM (G5PAMAM) den-
drimer to generate (DOTA-Gly-pBnNCS),;—G5PAMAM (Figure
5A) following a recently published method.?* This product was
then used to chelate Eu(ll) to create (Eu—DOTA-Gly-
pBNNCS)4;—G5PAMAM, which generated a PARACEST effect
from the metal-bound water. A similar procedure was used to
create (Yb—DOTA-Gly-pBnNCS)s—G2PAMAM, which generated
a PARACEST effect from the amides of the chelate. A Hanes-
like calibration plot was used to correlate the CEST effect with
concentration for each dendrimer (Figure 5C). These results
showed that 79.8 uM of (Eu—DOTA-Gly-pBNNCS)4;—
G5PAMAM and 335.5 uM of (Yb—DOTA-Gly-pBnNCS)s—
G2PAMAM can each generate a 5% CEST effect.

Temporal Resolution for Detecting CEST
MRI Contrast Agents

The characterization of a chemical solution of a CEST agent
often employs the acquisition of a Z-spectrum, which shows
the dependence of the water MR signal on selective satura-
tion at each MR spectral frequency (Figure 6).2> Each selec-
tive saturation can require 2—4 s to ensure complete
saturation of the CEST agent, which requires a reasonable
~3—13 min to acquire a Z-spectrum of ~50—200 MR satu-
ration frequencies. In practice, multiple signal acquisitions are
acquired at each MR frequency of the Z-spectrum to reduce
artifacts through phase cycling, to improve the signal-to-
noise ratio, or to acquire spatial information for a MR image.
These multiple acquisitions can cause total CEST MRI experi-
ments to exceed 1 hour in length, which is impractical for
many in vivo studies. Moreover, the comparison of two CEST
agents may require rapid detection of each agent to prop-
erly assess biomarkers.?®

We have developed two approaches to improve the tem-
poral resolution for acquiring multiple CEST MR images.?” The
first approach acquires a temporal series of CEST MR images
with selective saturation at only one MR frequency and mon-
itors the change in CEST contrast before and after i.v. injec-
tion of the contrast agent. This dynamic contrast CEST MRI
study is not affected by static conditions such as direct satu-
ration of water, the magnetization transfer effect, and mag-
netic field inhomogeneities. Yet this approach cannot account
for dynamic changes in magnetic susceptibilities and water T,
relaxation that are caused by the CEST agent, which can
dynamically alter the direct saturation of water. Therefore, this
approach is only appropriate for PARACEST agents with large
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FIGURE 7. (A) A spin density weighted MR image of a MCF-7 tumor on a mouse flank, with phantoms of 40 mM (Eu—DOTA-
Gly)s;—G5PAMAM contrast agent and water.2® (B) Fifty microliters of 40 mM (Eu—DOTA-Gly);;—G5PAMAM was directly injected into the
tumor. Twenty CEST—FISP MRI images with a range of saturation frequencies were acquired with a 20 «T saturation period for 2.25 s prior
to a FISP MRI acquisition. Z-spectra were constructed from the CEST effect in each displayed image region. To account for magnetization
transfer effects, the right side of the Z-spectrum of the tumor was interpolated and mirrored to the left side of the spectrum. This
interpolation method is affected by the data sampling, so this analysis method only approximates magnetization transfer effects. Lorentzian
line-fitting of each spectrum revealed that the CEST effects from the tumor and agent phantom both occurred at 48.4 ppm. The total

acquisition required 200 s.

chemical shifts that show little or no influence from these
dynamic effects.

Two types of MRI pulse schemes may be used to perform
dynamic contrast CEST MRI. A rapid multiple-echo acquisi-
tion scheme (such as a rapid acquisition with relaxation
enhancement (RARE) MRI scheme) following the selective sat-
uration can be used to collect many or all of the MR signals
that are needed to construct an image before selective satu-
ration must be repeated to maintain steady-state CEST condi-
tions. This approach works well if the T, relaxation time of the
water in the presence of the contrast agent is relatively long
(e.g., greater than 2 s) so that the CEST effect is not apprecia-
bly reduced by T, relaxation during the long acquisition
scheme. This scheme can generate a MR image with CEST
contrast within 5 s, which can be repeated with selective sat-
uration at other MR frequencies in order to detect two CEST
agents. Alternatively, if the T, relaxation time is short, only a
short single-echo acquisition scheme following the selective
saturation can be used to collect a single MR signal before the
CEST effect is reduced by T, relaxation. In this case, single-
echo acquisitions (such as a fast low-angle shot (FLASH) MRI
scheme) can be interleaved with short saturation periods to
generate a MR image with CEST contrast within 13 s.

Our second approach for improving temporal resolution
acquires a series of CEST MR images with selective satura-
tion at each MR frequency of the Z-spectrum.?® These MR fre-
quencies are carefully chosen to provide fine spectral
resolution about the chemical shifts of the CEST agent and
water and coarse resolution throughout the remainder of the
spectrum. Spectral analysis routines can then be used to effec-
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tively interpolate the experimental data to produce high-qual-
ity Z-spectra for each image pixel.?° The multiple MR images
that are required for this approach must be acquired very rap-
idly to retain reasonable temporal resolution. Thus, this
approach requires a multiple-echo acquisition scheme. We
have employed a CEST—fast imaging with a steady state free
precession (FISP) MRI acquisition method to acquire CEST
images with a temporal resolution as low as 3 s to obtain the
20-point MR CEST spectroscopic image of a xenograft mouse
model of mammary carcinoma that was injected with a
PARACEST agent (Figure 7). This example demonstrates that
the CEST MR spectroscopic image may be obtained within
200 s for each CEST agent.

Examples of Detecting Two CEST MRI
Contrast Agents

The powerful utility of detecting two CEST effects within a sin-
gle sample was immediately apparent during the discovery of
this MRI phenomenon.'® The chemical exchange rates of
amide, amine, and imine chemical functional groups have dif-
ferent dependencies on pH, so the ratio of the DIACEST effects
from two of these functional groups can be used to measure
a part of the range of physiological pH. We have exploited this
approach to create a PARACEST agent with an amide and aryl
amine chemical group that can measure the entire physiolog-
ical pH range with an improved dynamic range relative to pH-
dependent DIACEST agents.?° The amide of this agent shows
base-catalyzed chemical exchange behavior throughout the
physiological pH range, which causes an increase in PARAC-
EST from the amide with respect to increasing pH. The aryl
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amine of this agent shows base-catalyzed chemical exchange
behavior below a pK; of 7.1 and acid-catalyzed chemical
exchange behavior above this pK,. The combination of these
chemical exchange mechanisms causes PARACEST of the aryl
amine to be less dependent on pH relative to PARACEST from
the amide. In effect, the PARACEST from the aryl amine serves
as an “internal control” relative to the pH-dependent PARA-
CEST from the amide, so that this agent can be used to mea-
sure pH without needing to account for other affects that
change image contrast such as the concentration of the agent.

We have utilized two PARACEST agents in solution, in order
to detect enzymatic activity.'> Our enzyme-responsive agent
contains a peptidyl ligand that is cleaved by caspase-3, which
causes the amide at the scissile bond to be converted to an
amine. Although the CEST effect of the amine in the reaction
product can be detected, its small chemical shift and weak
CEST effect are impractical for in vivo studies. Instead, the
CEST effect of the amide can be easily detected to monitor the
enzyme reaction. Yet the absence of contrast after enzyme
cleavage is a flawed approach for detecting a biomarker
because the lack of a CEST effect may be due to many fac-
tors other than enzymatic activity. To overcome this flaw, we
have included a second enzyme-unresponsive PARACEST
agent in the sample that acts as an internal control. The ratio
of the CEST effects from both agents validates the detection
of enzymatic activity. To translate this approach to in vivo
studies, the two PARACEST agents should be linked to the
same nanocarrier such as a dendrimer so that the ratio of their
concentrations is not affected by different in vivo pharmaco-
kinetics for two separate agents.

Two paramagnetic liposomal-based CEST MRI contrast
agents have recently been detected in the same location of ex
vivo tissue.®' We have extended this approach to in vivo tis-
sues by detecting two PARACEST agents within the same
tumor tissue in a mouse model of mammary carcinoma.>2
This demonstration required consideration for quantification,
sensitivity, and temporal resolution for detecting two CEST MRI
contrast agents, as discussed in the previous sections. The
dendritic PARACEST agents (Eu—DOTA-Gly-pBnNNCS)s;—
G5PAMAM and (Yb—DOTA-Gly-pBnNCS)s—G2PAMAM were
injected i.v. into a mouse model of MCF-7 mammary carci-
noma. Because the tumor tissue has a relatively long T relax-
ation time of approximately 2.5 s, a multiple-echo CEST—RARE
MRI acquisition scheme was used to detect each agent within
the tumor (Figure 8A). The decrease in MR signal of the tumor
after injection relative to the average MR signal before injec-
tion was used to measure the temporal change in the CEST
effect (Figure 8B).

Two CEST MRI Agents for Molecular Imaging Studies Ali et al.

A (-tumor

£

iy ZE)

before inj.

e
AR
L
30 min
B 20% C 0.40
15% 0.30
" [Eu-G5]
£ 10% 1Yb-G2 21 0.20
o [Yb-G2]
5% 0.10
Eu-G5
0% 0.00
0 0 20 30 0 10 20 30
Time (min) Time (min)

FIGURE 8. (Eu—DOTA-Gly)s;—G5PAMAM (Eu—G5) and (Yb—DOTA-
Gly)s—G2PAMAM (Yb—G2) were injected i.v. at 0.03 mmol of
dendrimer per kilogram of mouse body weight into a xenograft
flank mouse model of MCF-7 mammary carcinoma.>? (A) MR
images were acquired by prepending a 20 uT saturation period for
2.25 s before a RARE-16 MR signal acquisition period. Selective
saturation was applied at the PARACEST frequency of each agent.
(B) The decrease in MR signal of the tumor after injection relative to
the average MR signal before injection was used to measure the
temporal change in the CEST effect. (C) Equation 11 was used to
calculate the concentration ratio of the CEST agents.

Equation 11 was used to calculate the concentration ratio
of the CEST agents (Figure 8C). The condition listed in eq 11
is valid for (Eu—DOTA-Gly-pBnNCS)4;—G5PAMAM, but this
condition is questionable for (Yb—DOTA-Gly-pBnNCS)s—
G2PAMAM if the CEST effect and [H,O]a are high, due in part
to the greater ry relaxivity of ytterbium relative to europium.
In addition, eq 11 assumes that [H,O], is the same for both
agents. This assumption is not valid, because [H,O]ps and
[H2Olwr are different for each agent due to the different satu-
ration frequencies of each agent, and [H,O]uca is different for
both agents due to different pharmacokinetics of each agent.
Additional investigations are required to understand the rela-
tionship between in vivo [H,0], for each CEST agent. Yet the
concentration ratio correctly shows that the lower tissue per-
meability of the larger dendrimer causes a fraction of
(Eu—DOTA-Gly-pBnNCS)4;—G5PAMAM to accumulate in the
tumor tissue relative to (Yb—DOTA-Gly-pBnNCS)s—G2PAMAM,
and the lower elimination rate of the larger dendrimer causes
this fraction to increase over time. With similar considerations
for quantification, sensitivity, and temporal resolution, other
examples of two CEST MRI contrast agents may be developed
for preclinical molecular imaging studies and translation of
quantitative molecular imaging to the clinic.
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