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Abstract

Responsive contrast agents (RCAs) [R1.12] composed of lanthanide 111 ion (Ln3*) complexes with
a variety of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA?*") derivatives have
shown great potential as molecular imaging agents for magnetic resonance (MR). A variety of
LnDOTA-tetraamide complexes have been demonstrated as RCAs for molecular imaging with
chemical exchange saturation transfer (CEST). The CEST method detects proton exchange
between bulk water and any exchangeable sites on the ligand itself or an inner sphere of bound
water that is shifted by a paramagnetic Ln3* bound in the core of the macrocycle. It has also been
shown that molecular imaging is possible when the RCA itself is observed (i.e., not its affect on
bulk water) using a method called biosensor imaging of redundant deviation in shifts (BIRDS).
The BIRDS method utilizes redundant information stored in the non-exchangeable proton
resonances emanating from the paramagnetic RCA for ambient factors like temperature and/or pH.
Thus CEST and BIRDS rely on exchangeable and non-exchangeable protons, respectively, for
biosensing. We posited that it is feasible to combine these two biosensing features into the same
RCA (i.e., dual CEST and BIRDS properties). A complex between europium ion (Eu3*) and
DOTA-tetra-glycinate (DOTA-(gly)4*") is used to demonstrate that its CEST characteristics are
preserved while BIRDS properties are detected. In vitro temperature sensitivity of EUDOTA.-
(gly)4~ is used to show that qualitative MR contrast with CEST can be calibrated using
quantitative MR mapping with BIRDS, thereby enabling quantitative molecular imaging at high
spatial resolution.
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Introduction

Paramagnetic complexes are widely used as magnetic resonance imaging (MRI) contrast
agents in clinical medicine. These agents — many of which are composed of lanthanide 111
ion (Ln3*) with a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA*™) backbone
— generate contrast by affecting the bulk water proton relaxation rate. However this
approach often lacks sensitivity and/or specificity for tracking diseases since the contrast is
always “on” when the agent is present. Imaging of specific ions or metabolites is becoming
possible with MRI probes, either endogenous or exogenous, which contain exchangeable
protons (1,2). The chemical exchange saturation transfer (CEST) technique detects exchange
between bulk water protons and amide (i.e., -NH, where x = 1 or 2) or hydroxy!l (i.e., -OH)
protons in diamagnetic molecules, whereas in paramagnetic molecules the exchangeable
pool is either any exchangeable sites on the ligand itself or protons of an inner sphere of
bound water that is significantly shifted by Ln3* in the agents’ core. The CEST method has
tremendous translational potential because it amplifies detection of extracellular targets
present at uM to mM level. A great appeal for biomedical imaging is that CEST contrast,
either with diamagnetic or paramagnetic agents, can be switched “on” or “off” with a radio-
frequency (RF) saturation pulse.

From the earliest days of magnetic resonance spectroscopy (MRS), exchange between bulk
solvent water protons (101-102 M) and bound solute protons (1073102 M) have long been
studied using saturation transfer techniques (see ref. (3) for details). CEST with endogenous
diamagnetic molecules (e.g., sugars or proteins) is now commonly called DIACEST.
Because the chemical shift of a typical diamagnetic exchangeable proton is within a few
ppm of bulk water protons, accounting for off-resonance direct saturation of bulk water,
indirect saturation via water tightly bound to macromolecules, and poor static magnetic field
(Bo) homogeneity are matters that complicate in vivo DIACEST imaging. To help
circumvent these problems, in part, a class of paramagnetic CEST probes consisting of a
Ln3* bound in a DOTA-tetraamide core, called PARACEST agents, were synthesized to
increase the chemical shift separation (>10" ppm, where n > 1) between the signals arising
from a pool of exchangeable protons of an inner sphere of bound water and bulk solvent
water (4,5). This approach allows tuning of water exchange kinetics by choice of chelate
structure and/or Ln3* to improve the CEST contrast (2,6). Some PARACEST agents contain
bound water molecules with a lifetime in the microseconds range (7). To date, exogenous
PARACEST agents have been used to measure various physiological parameters, e.g., pH
(5), temperature (8,9), lactate (10), glucose (11,12). Moreover, quantification of
physiologically relevant metal ions — e.g., calcium (13) and zinc (14) — were achieved by
relaxivity changes of these types of agents. Furthermore, preliminary toxicity studies of
prototypical PARACEST agents have shown them to be chemically inert in animals so
moving these toward clinical approval is quite conceivable in the near future (15).

Various PARACEST-like agents have been characterized beyond their affects on bulk water
relaxation rate or proton exchange. Many have been differentiated in terms of their structure,
conformation, and relaxation properties (16,17), thermodynamics, protonation and
coordination to alkali metals (18), stability, biodistribution and toxicity (19), as well as
sensitivities of non-exchangeable nuclei to ambient factors like temperature and/or pH (20).
Previous attempts at biosensing of temperature and/or pH in animal brain by direct detection
of Ln3*-based agents may have failed (21) due to very low By, poor gradient performance,
and/or unfamiliarity with the agents’ relaxation properties. More recently with modern
technology overcoming these factors have enabled biosensing of temperature and/or pH (22)
by a technique termed biosensor imaging of redundant deviation in shifts (BIRDS) (23,24).
The BIRDS method utilizes the redundant information stored in chemical shifts emanating
from the paramagnetic Ln3*-based agent for ambient factors like temperature and/or pH. To
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date, mainly the agents’ non-exchangeable proton resonances (i.e., -CHy) have been
measured, but all other observable nuclei (170, 1°N, 13C, 31P) are equally viable candidates
for BIRDS. Superior temperature and/or pH sensitivities of proton chemical shifts
emanating from two thulium 111 ion (Tm3*) containing macrocyclics — 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrakis(methylene phosphonate) (or DOTP8™) and 1,4,7,10-
tetramethyl 1,4,7,10-tetraazacyclodoecane-1,4,7,10-tetraacetate (or DOTMA?™) — have been
demonstrated in rat brain with BIRDS (23,24). Generally, agents with BIRDS properties
stand in contrast to PARACEST agents by the fact that in the latter only the [R1.A] effect on
bulk water is detected whereas in the former the agent itself is detected. This enables BIRDS
to be more quantitative than CEST, but it has much lower spatial resolution. Since the
relative advantages and disadvantages of BIRDS and CEST do not apparently overlap, it is
tantalizing to consider a new family of agents that perhaps combines these two properties.

Since CEST and BIRDS methods differ respectively by their dependence on exchangeable
and non-exchangeable protons for biosensing, we conjectured whether these two features
can be supported on the same agent for improved biosensing with dual CEST and BIRDS
properties. To test this end, we chose a complex between the europium ion (Eu*) and a
tetraglycinate derivative of DOTA™*, EUDOTA-(gly),~, which has been previously
characterized as a PARACEST agent (5,7) for temperature sensing (9). In vitro results are
used to corroborate that CEST attributes are fully conserved while BIRDS properties are
detected to enable the possibility that qualitative MR contrast with CEST can be calibrated
using quantitative MR mapping with BIRDS. These types of agents with dual CEST and
BIRDS properties provide an opportunity for quantitative molecular imaging at high spatial
resolution.

Materials and Methods
BIRDS experiments with EUDOTA-(gly)s~

To assess the BIRDS properties of EUDOTA-(gly),~, a database composed of 1H spectra as
a function of temperature was compiled by studying samples of EUDOTA-(gly)s~ (5 mM) at
different pH values (6.5— 8.0) in phosphate buffer (5 mM). The 1H MRS data of EUDOTA-
(aly)4~ were acquired on an 11.7T Bruker vertical-bore spectrometer at temperatures
between 26 and 40 °C using a recycle time (TR) suitable for short relaxation times of these
types of agents (Fig. 1A). The correct temperature calibration of the RF probe’s
thermocouple was verified by two additional methods. The first method was based on
chemical shift difference between the -OH and -CHj3 resonances of deuterated methanol
(Sigma-Aldrich, No. 343803-5G) (25). For the second method, a thermocouple wire was
immersed directly into the solution of the NMR tube. The temperatures measured by both
methods in the 26 to 40 °C range were within £0.5% of the temperature indicated by the
probe’s thermocouple. The small fluctuation in the values of measured temperatures is very
likely due to inherent errors associated with each temperature measurement technique. For
the deuterated methanol method, propagation of errors shows that a 1 Hz error in the
measurement of the chemical shift difference results in 0.2 °C error in temperature.
Moreover, deviation from lorentzian lineshapes of both -OH and -CH3 resonances, albeit
with good shimming at the different temperatures measured, suggests the existence of
temperature gradients within the sample, probably due to non-uniform heating/cooling
processes. The existence of this temperature gradient could also contribute to the measured
temperature for the thermocouple method. [R1.1] The pH in each sample was measured by a
Corning 430 pH-meter with a Beckman glass electrode (5 x178 mm, Calomel). The spectra
were line-broadened (10 Hz) and then baseline (first order) and phase (zero order) corrected.
The assignments for proton resonances were obtained by a 2D Correlation Spectroscopy
(COSY) experiment. The chemical shifts were measured after each resonance was fitted to a
Lorentzian lineshape. Longitudinal (T1) and transverse (T>) relaxation times of each proton
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were measured at 35 °C using conventional inversion recovery and spin echo methods,
respectively. T1 and T, values were obtained by fitting the time dependent intensities to a
single exponential. For the temperature calibration with EUDOTA-(gly)s~, the most
sensitive non-exchangeable proton was chosen and absolute temperature, T, was calculated
using its variations in chemical shift, 84, according to:

Te=ao+a1 (8 — 80)+ax(S, — )’ [1]

where &, was set to 20.0 ppm and the coefficients ag, a3, and a, were determined from linear
least-squares fit of measured temperature as a function of chemical shift. [R3.3] [R3.4] The
calculated temperature values, T, by eq. [1] were later compared with independently
measured temperature values, Ty, using a thermocouple wire located around the RF coil
reflecting the sample’s temperature (see eq. [4]).

The effect of signal-to-noise ratio (SNR) [R3.5] of a resonance on temperature
determination was assessed by addition of uniformly distributed random noise of varying
amplitudes to the original FID prior to Fourier transformation (23). Baseline (first order) and
phase (zero order) corrections were applied to the spectrum and the peak of interest was
fitted to a Lorentzian lineshape. The SNR was calculated from the “signal” and “noise”
values using the equation (26)

[2]

ignal
SNR=20 x Iog,U(Slgna )

noise

where the “signal” was given by the height of the resonance and the “noise” was estimated
from the standard deviation of the signal in a region away from any resonance. For each
noise amplitude 100 different runs were used to estimate the corresponding average SNR
value and to measure the H4 chemical shifts. Using these chemical shifts, the corresponding
temperatures were calculated using eg. [1]. The standard deviation in temperature, o, was
estimated for each SNR value from the temperature values obtained during each of the 100
runs.

CEST experiments with EUDOTA-(gly)s™

CEST properties are based on acquisition of Z-spectra which are frequency dependent
saturation spectra (27,28). The ratio M/M,, which represents the intensity of the bulk water
resonances at a certain saturation frequency (i.e., M with RF saturation “on”) vs. intensity of
the bulk water with saturation frequency at —100 ppm (i.e., M, with RF saturation “off”),
was plotted against the frequency of the RF saturation pulse to obtain the Z-spectra. [R1.3]
Thus, at each frequency of the RF saturation pulse applied, the fractional decrease in the
intensity of the bulk water signal was reported, where the intensity of the signal was given
by the amplitude of the bulk water resonance. [R1.5] All Z-spectra were acquired on the
same 11.7T Bruker vertical-bore spectrometer as all data acquired for BIRDS. The samples
contained EUDOTA-(gly)s~ (5 -50 mM) and 10% D,O. A continuous wave RF irradiation
of 1 s was used for saturation of various frequencies to obtain the Z-spectra. For the
temperature dependence, a sample of 5 mM EuDOTA-(gly),~ at pH 7.42 was used and the
temperature was varied between 25 and 40 °C. For the pH dependence, samples of 5 mM
EuDOTA-(gly)4 at 30 °C were used with the pH in the range of 6.5 to 8.0. For the agent
concentration dependence, samples at 30 °C were used with EUDOTA-(gly)s~
concentrations in the range of 5 to 50 mM. For the TR dependence, a sample of 10 mM
EuDOTA-(gly)4 at pH of 7.0 at 30 °C was used and TR was varied from 1 to 10 s, where
the presaturation pulse of 1 s was kept constant. Each 1H spectrum was line-broadened (5
Hz) and then baseline (first order) and phase (zero order) corrected. The intensity of the bulk
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water resonance was measured at each RF saturation frequency and the Z-spectra were
generated.

Combined CEST and BIRDS experiments with EUDOTA-(gly)4™

The phantom used for in vitro imaging experiments consisted of a glass tube containing 20
mM EuDOTA-(gly)s~ in 10% D50 at pH 7.0. The CEST data were acquired in 1H MRI
format, whereas the 1H MRS data for BIRDS were acquired in 2D chemical shift imaging
(CSI). The CSI and MRI data, of similar slice position (sample center) and width (2 mm),
were acquired on a modified 11.7T Bruker horizontal-bore spectrometer using a *H surface
coil RF probe (1.4 cm diameter). The ambient temperature was controlled using a water-
heating blanket wrapped around the phantom but positioned such that enough space (1-2
cm) was left between the phantom and the blanket. The phantom’s temperature was
measured by a thermocouple wire (~100 um diameter, copper-constantan; +0.05 °C; Oxford
Optronix) positioned at the bottom.

For CSI experiments, a field-of-view of 2.56x2.56 cm? was used with 32x32 phase
encoding steps. A 1 ms Gaussian [R1.C] excitation pulse was used for selective excitation of
the most sensitive non-exchangeable proton resonance. The phase-encode gradient duration
was 100 ps and the TR was 60 ms. Two different CSI datasets were obtained. One at room
temperature (~22 °C) with the water bath turned off and the second with the water bath
temperature at 60 °C which resulted in an ambient temperature around the sample of ~42 °C.
The spectra were processed as described above for the temperature calibration experiments.

The MRI experiments were acquired using a spin-echo imaging sequence. The imaging
parameters were TR of 6 s, echo time of 10 ms, field-of-view of 16x16 mm?2, and image
matrix of 128x128. A 1 s square pulse was used for pre-saturation of the bound water prior
to the beginning of the spin-echo sequence. At each ambient temperature two images were
acquired, one with the saturation offset at the frequency of the bound water resonance (24
kHz, “on” saturation), and the other with the saturation offset on the opposite side of bulk
water resonance (—24 kHz, “off” saturation). We used a single saturation frequency of 24
kHz for both temperatures because the bound water peak is very broad, with linewidths
much larger than the temperature induced shift of the water bound peak. Moreover, the use
of a single saturation frequency bypasses the requirement of measuring the position of the
bound water peak before each imaging experiment. [R3.6] For each voxel, the fractional
decrease in the intensity of the bulk water signal, M, was reported according to

— M()Il
M=1- /MO.ﬁ'

where Mgp, and Mgg; represent the bulk water intensities for the “on” and “off” saturation
experiments, respectively. [R1.3]

Results

Characterization of EuUDOTA-(gly)s~ with BIRDS

A 1H spectrum of EUDOTA-(gly)s~ (Fig.1A) shows that its resonances span a relatively
wide chemical shift range, of ~40 ppm, although this range is far less wide compared to
other Tm3*-based agents like TMDOTP>~ and TMDOTMA™ (23,24). Each 1H resonance,
exchangeable or not, was assigned based on a 2D COSY experimental result (data not
shown). There are two exchangeable protons observed with EUDOTA-(gly)4™. First, the
bound water signal, better visualized at lower temperature of ~10 °C or so, is located at ~60
ppm from bulk water (Fig. 1A, inset spectrum). Second, the H7 proton belongs to an amide
group (Fig. 1A, inset structure). The remaining protons are all non-exchangeable with
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variable degrees of sensitivity to temperature and relaxation times (Table 1). While several
non-exchangeable protons show variable degree of temperature sensitivity without any
noteworthy pH dependency, the H4 proton has the highest temperature sensitivity and good
separation from other resonances (Fig. 1A). Linewidths of the EUDOTA-(gly),~ protons, at
35 °C and pH of 7.42, are 50 to 70 Hz, with the H4 proton resonance having the largest
value. Under these conditions, the temperature sensitivities of the EUDOTA-(gly),~ protons
are in the range of 0.005 to 0.13 ppm/°C, where again the H4 proton has the highest value.
These data pointed to the use of the H4 proton to provide the early temperature
characterization of EUDOTA-(gly),~ with BIRDS. Thus the absolute temperature, T, was
calculated from the chemical shift of H4 proton signal as 8 in eq. [1] using fitted values of
the coefficients ag, a;, and a, (Table 2).

Using error propagation (29) it can be shown that the uncertainties in temperature (e1) are
proportional to the chemical shift uncertainties (g3): et = 7.74% g5. A very high correlation
coefficient (R=0.99998) between the calculated temperature, T, and the thermocouple
measured temperature, Tp,, was obtained by linear least-square fit, as shown by the
following linear equation with an intercept close to zero and a slope of unity.

T.=(-0.01 + 0.06)+(1.000 + 0.002) - T}, [4]

To verify the accuracy of temperature determination, as described by eq. [4], we employed
an alternative cross-validation method, the “leave one out” method. In this method, the
temperature calibration described by eq. [1] was done using a dataset without one of the
temperature-chemical shift data points. Then this data-point was used to evaluate the
accuracy of the method by calculating the temperature corresponding to the chemical shift
data point not used for calibration. The same procedure was repeated for each data-point and
the correlation between the calculated temperature using the “leave one out” method,
Tc(ou) and the measured temperature T, was determined:

7“0 =(-0.02 = 0.08)+(1.001 = 0.002) - T, [5]

Since egs. [4] and [5] are very similar (i.e., each with a very high correlation coefficient, an
intercept close to zero, and a slope of unity), these results indicate that EUDOTA-(gly)s™ is a
very good temperature probe for BIRDS. [R1.2] At 11.7T, for a 5 mM sample of EUDOTA-
(gly)4~ at 35 °C and pH of 7.0, all of the non-exchangeable protons have T1’s and T,’s in
the range of 30 to 150 ms and 5 to 10 ms, respectively (Table 1). This indicates that a short
TR can be used for 2D CSI data acquisition needed for BIRDS.

Repeated simulations of temperature determination using the H4 chemical shift (eq. [1]) but
with different SNR were used to address the question of how the error of temperature
measurement (o) depends on the SNR (23). The error of the temperature prediction was
estimated by means of the temperature standard deviations for 100 runs at a given SNR
value (Fig. 1C). Typical in vitro SNR values for the H4 proton are in the range 10 to 30 for a
0.8x0.8x2 mm3 voxel. This SNR range corresponds to a temperature standard deviation of
less than 0.07 °C (Fig. 1C). Similar standard deviations in temperature (0.06 °C) were
obtained using the N-acetyl aspartate (NAA) and water method, but for a much larger voxel
size of 1.6x1.6x4 mm3 (23). Therefore EUDOTA-(gly),~ with BIRDS is at least as good as
the NAA-water method for temperature determination with the potential of considerably
higher spatial resolution (23,24). Temperature accuracy (by BIRDS) as function of SNR was
previously estimated for two other Tm3*-based agents, TnDOTP>~ and TnDOTMA™
(23,24). The temperature standard deviation in a spectrum of a CSI voxel acquired under
identical experimental conditions (i.e., volume, acquisition time, agent concentration) is 0.01
°C for EUDOTA-(gly)s~ at SNR = 25 (Fig. 1C) and 0.008 and 0.002 °C, respectively, for
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TmDOTP>~ and TMDOTMA™ (23). Thus, the accuracy of temperature determination with
EuDOTA-(gly)s~ is comparable to that with TmDOTP®~, but slightly lower than with
TmDOTMA™.

Characterization of EuUDOTA-(gly)s~ with CEST

Since it is well known that CEST contrast depends on many experimental factors (e.g., Bq
inhomogeneity, temperature and/or pH around the agent, agent concentration, TR of CEST
experiment, etc.) (1,2), we acquired Z-spectra of EUDOTA-(gly),~ under various
experimental conditions to characterize its CEST properties (Fig. 2). EUDOTA-(gly),” isa
well known PARACEST agent for temperature mapping (5,7,9). The CEST effect from the
exchangeable water molecule increases with an increase in temperature (Fig. 2A). CEST is
more efficient at higher temperatures because exchange of water molecules between the two
pools is faster. Above ~40 °C, however, the CEST effect begins to decline once again
because water exchange becomes too fast (30). We note that the frequency at which the M/
M, ratio has a minimum, corresponding to the frequency of the bound water signal, is also
temperature-dependent with a sensitivity of about —0.22 ppm/°C at 35 °C. However, this
broad water signal has an SNR which is an order of magnitude lower than the other non-
exchangeable protons (Fig. 1A), thereby reducing accuracy of temperature determination.
[R3.1] The increase in temperature also results in broadening of both the bound and bulk
water peak profiles in the Z-spectra.

The effect of pH is not as significant as that for temperature with EUDOTA-(gly)4".
Changing pH between 6.5 and 8.0 has a small effect on CEST from bound water exchange
(Fig. 2B). The relatively minor changes in M/Mg likely reflect the four pH dependent —-NH
protons in the complex that are also exchanging with solvent protons. This exchange,
although not observed directly in the Z-spectrum, effectively shortens the T, of bulk water
(31). Water exchange in PARACEST agents in general does not depend on pH but other
exchangeable functional groups in these complexes may potentially be used as pH sensitive
CEST sites (32).

Changing the concentration of EUDOTA-(gly)s~ by an order of magnitude produces the
largest change in CEST (Fig. 2C). Note that, due to 10% D0 content in each sample, the
actual concentration of EUDOTA-(gly),~ agent which contributes to CEST effect is only
90% of the total agent concentration. The magnitude of the CEST effect does not increase
linearly with concentration at the levels examined here because one approaches maximal
CEST (i.e., M/M, approaches 0) at agent concentrations higher than 45 mM. [R1.4] These
data do illustrate that the magnitude of CEST is highly concentration dependent, a problem
common to both PARACEST and DIACEST agents for in vivo applications (1,2).

The Z-spectra also exhibit a small dependence on TR, with shorter TR values giving a
somewhat larger CEST effect (i.e., smaller M/M,) (Fig. 2D). In acquisition of these data the
saturation pulse of 1 s was kept constant and only TR was changed. Although the reason for
this observation may not be obvious, this reflects incomplete relaxation of bulk water
protons between scans using a relatively short saturation pulse length (1 s) and a short TR so
the steady-state level of saturation is achieved that result in a larger net CEST effect. One
should also notice that the bound water exchange resonance in the Z-spectra at short TR are
broader than those at higher TR (Fig. 2D). These data illustrated that one can achieve good
CEST contrast without conducting CEST experiments under fully relaxed conditions.

Dual characterization of EUDOTA-(gly)s~ with BIRDS and CEST imaging

Temperature distributions of a cylindrical glass phantom were examined by BIRDS and
CEST imaging with an identical slice location and thickness (Fig. 3). A representative voxel
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from the CSI grid (Fig. 3A) shows a high SNR for the H4 proton (Fig. 3B) which shifts with
a temperature sensitivity of about —0.13 ppm/°C and has negligible pH dependency (Fig.
1B; Table 1). The absolute temperature in each voxel of the CSI dataset was calculated
according to eq. [1] at two different ambient conditions. With BIRDS, the average
temperature in the phantom was 22.1+0.1 °C with the water bath turned off (Fig. 3C, left)
and 41.6£0.1 °C with the water bath turned on (Fig. 3C, right). This agreed well with
temperatures measured using a thermocouple wire (i.e., ~22 °C and ~42 °C for the water
bath turn off and on, respectively).

Two spin-echo MRI data sets with CEST contrast were also obtained at these two ambient
conditions (Fig. 3D). The change in the intensity of the bulk water signal after pre-saturation
of the bound water was calculated relative to the bulk water signal in the absence of
saturation according to eq. [3]. The upper half of the MRI datasets with higher SNR values
was used and regions of poor RF sensitivity farther away from the surface coil (i.e., By
inhomogeneity) were excluded. With CEST, the results indicate that the average intensity
change in the phantom was 15+3% (Fig. 3D, left) and 32+7% (Fig. 3D, right), with the
water bath turned off and on, respectively.

To estimate the RF heating of the sample caused by rapid RF pulsing, we repeated both CSI
and MRI experiments with a thermocouple wire inserted inside the NMR tube, positioned in
the center of the region from where the MR signal was acquired. Due to high By
inhomogeneities induced by the presence of the thermocouple, simultaneous MR data
acquisition and temperature measurement by thermocouple was not possible. The average
temperature increase during a 4.5 minutes long CSI experiment was 0.024+0.019 °C, while
for a 7 minute MRI sequence with CEST contrast, the average temperature increase was
0.3+0.1 °C. [R1.10]

Discussion

Here we report that EUDOTA-(gly)4 possesses dual CEST and BIRDS properties which
could potentially improve quantitative biosensing. EUDOTA-(gly)4™ is a tetraglycinate
derivative of the macrocyclic chelate DOTA™ and it has been shown to be a PARACEST
agent for temperature (5,7,9). The bound water lifetime in EUDOTA-(gly)*~ was estimated
to be around 300 ps at 298 K (7). However the CEST efficiency of an agent is given by the
product between the bound water lifetime (t)4) and the chemical shift separation (Aw)
between the bound and bulk water peaks (31). EUDOTA-(gly); has a Aoty value in range
of ~7.7 at 1.5T and ~60 at 11.7T, where a higher Aoty values suggests a more efficient
CEST effect (1,2). [R1.8] Thus LnDOTA-(gly)4™ is likely to be a more efficient
PARACEST agent at higher B, although it could still be effective at low B, (33) but the
CEST efficiency may drop by nearly an order of magnitude from 11.7T to 1.5T. These
measured CEST properties of EUDOTA-(gly),~ are manifested by proton exchange between
bulk water and bound water pools (Fig. 1A, inset spectrum), but the H7 amide proton of
EuDOTA-(gly)4 (Fig. 1A, inset structure) is another exchangeable pool which could be
exploited further for additional CEST effects and remain to be investigated in future studies.

The remaining 8 proton signals emanating from the backbone of the DOTA ™ chelate (Fig.
1A) do not exchange and therefore are readily detectable by conventional 1H MRS.
Detection by BIRDS is improved if the relaxation properties (Table 1) are exploited to allow
short TR experiments with high speed CSI. A variation in pH has little effect on chemical
shifts of these protons. Chemical shifts of the protons are sensitive mainly to temperature
variations and amongst all of these protons H4 is the most sensitive (Table 1). Thus we
propose a second-order dependence between temperature and the H4 chemical shift, as
described by eq. [1], because pH dependency can be ignored within the physiological range
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(Fig. 1B). This allows a measure of temperature with quite high accuracy. For a CSI voxel
of 0.8x0.8x2.0 mm3 (as used in this study with SNR in the range of 10 to 30 for the H4
signal) the error in temperature prediction is less than 0.07 °C (Fig. 1C; Table 2). This level
of uncertainty in temperature prediction using EUDOTA-(gly),~ with BIRDS compares
quite well with other temperature mapping methods, e.g., the NAA-water method or
TmDOTP>~ with BIRDS (23). However we used only 1 proton resonance of EUDOTA-
(aly)4~ (i.e., H4; see Table 1) for temperature prediction. If some of the other proton
resonances of EUDOTA-(gly)s~ (e.g., H5 and H6, both of which have comparable
temperature sensitivities (see Table 1) are also used — as with TnDOTP>~ where 3 proton
resonances are used (23) — the redundancy of information contained within the biosensor
could be improved to reduce the uncertainty in temperature even further. We envisage then
that uncertainty in temperature prediction using EUDOTA-(gly),~ with 3 proton resonances
(i.e., H4-HG6; see Table 1) may compare quite well with temperature sensitivity of
TmDOTMA™ with BIRDS (24).

The CEST contrast is based on transfer of magnetization via proton exchange from the
exchangeable solute pool to the bulk water pool and the effect can be observed if the system
is in “slow exchange” or Amty = 1. Therefore an agent with a relatively large Ao is better
because it provides a CEST effect even with a short ty;. In addition, as pointed out earlier,
the much larger chemical shift separation between signals arising from the pools of
exchangeable protons availed by PARACEST agents (vs. DIACEST agents) reduce the
vulnerability of CEST contrast to B, inhomogeneity (i.e., poor shim). However for the
CEST effect of EUDOTA-(gly)*" to be easily quantifiable, the MRI contrast needs to
respond specifically to temperature (Fig. 2A) and not to other experimental factors (Figs.
2B-D). A primary concern for quantitative CEST contrast is the dependence of the effect on
agent concentration (Fig. 2C). Although pH and TR effects on the M/M, ratio for EUDOTA-
(gly)*™ are small (Figs. 2B and 2D), they may not be ignored with other PARACEST agents.
Another issue of concern for CEST contrast that needs further study is B; inhomogeneity
(e.g., with RF surface coil), as observed in the CEST imaging data (Fig. 3D).

In vitro CEST imaging showed ~15% and ~30% contrast in the MRI data with the water
bath turned off (Fig. 3D, left) and on (Fig. 3D, right) which respectively corresponded to
~22 °C (Fig. 3C, left) and ~42 °C (Fig. 3C, right) measured by BIRDS and thermocouple
wires. However additional information is needed to convert the qualitative MRI intensity
change from CEST imaging to actual temperature values. First and foremost, it is obligatory
to know the concentration of EUDOTA-(gly),~. In addition, it is also necessary to negate
any affects on the MRI intensity change due to contributions from B, inhomogeneity, By
inhomogeneity, TR effects, and/or pH effects. While in this study we have shown the effect
of TR and pH on CEST quantification with EUDOTA-(gly)s4~, the experimental conditions
were not ideal for examining the effects of By and B; inhomogeneities because we used
ideal By shim conditions and used an RF surface coil which SNR variations. Future studies
will quantitatively assess the impact of By and B, inhomogeneities on the CEST effect with
EuDOTA-(gly)s . [R1.6] [R1.7]

Based primarily on information obtained from TmDOTP®~ and TmnDOTMA™, BIRDS
quantification is not as susceptible to many of these experimental factors (23,24).
Physiological information extracted from the CSI data, and thus BIRDS, is inherently
independent of the agent concentration (i.e., beyond detection limit). Since physiological
quantification is dependent on the non-exchangeable resonance chemical shifts and not
intensity, inherent B, inhomogeneity present in MRI or MRS data with RF surface coils is
much less of a concern for BIRDS. Furthermore physiological quantification (e.g.,
temperature, pH, etc) based on shifts of the non-exchangeable protons are nearly constant
across different By’s, thus enabling BIRDS properties to be nearly B,-independent. Because
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T,/T1 ratios of these protons are quite constant across different B,’s, at nominal TR values
only marginal SNR loss is expected at a lower vs. higher By, In fact, for some agent designs
it is even possible to reach T,/T; ratios of close to unity thus allowing optimal sensitivity of

detection since then SNR is directly proportional to /7 /T;. The extremely short T,’s of the
non-exchangeable protons make their detection, and thus BIRDS, nearly impervious to B,
inhomogeneity. Furthermore BIRDS can easily measure the ambient conditions of the agent
(i.e., temperature and/or pH). All of these benefits from BIRDS could be used to improve
quantitative imaging with CEST. For example, BIRDS can be used to measure the
distribution of both sample temperature and agent concentration. Using these measurements,
the CEST experiment may be corrected for temperature and/or agent concentration effects to
accurately measure another physiological parameter, such as pH. [R1.9] Recently, a new
MRI-based method by Dixon et al (30) has been proposed which quantifies the CEST effect
of a PARACEST agent with multi-parametric modeling, thereby negating the need for the
agent’s concentration. It would be extremely important to compare the accuracies of dual
biosensing with BIRDS-CEST vs. the Dixon method for molecular imaging applications.
[R3.2]

Another advantage of EUDOTA-(gly),™ is that it has the potential for translation to in vivo
studies. Pharmacokinetics studies on rats injected with 100 pL solution of EUDOTA-(gly)s™
containing traces of radioactive lutetium 111 ion (177Lu3*) in the form of 7LuDOTA-
(gly)4~ indicate an average elimination half-life of 20 minutes (15). Biodistribution
measurements show that 30 minutes after the injection the residual ’/LUuDOTA-(gly)4~ was
localized mainly in blood, kidney, and urine, whereas 2 hours later the 1//LuDOTA-(gly)s™
levels decreased significantly due to rapid excretion. Toxicity studies of EUDOTA-(gly)s™
showed that a relatively high dose (1 mmol/Kg) [R1.D] was well tolerated with minimal
effect on the health of the animal. Although EUDOTA-(gly),™ has a relatively low
thermodynamic stability compared to other agents containing gadolinium (1) ion (i.e.,
Gd3*), e.g., GADOTA (Dotarem), it exhibits a relatively high kinetic stability which
represents the major factor in determining the toxicity of any Ln3*-based agent. However, in
vivo studies with EUDOTA-(gly),~ may require that the agent remain in circulation for
several hours during accumulation of the MR data, perhaps aided by renal ligation (22-24).
In that case, additional toxicity measurements coupled with SNR estimation in vivo under
renal ligation conditions will be required to correctly estimate the optimal in vivo dose
needed for EUDOTA-(gly),™ in rats, as previously done for TmDOTP®~ and TMDOTMA™
(23,24). Moreover, the use of relatively high saturation powers during CEST experiments
may result in slight heating of the sample investigated. Although the temperature increase
observed during the CEST experiment in this study were quite small (<0.3°C), special
attention needs to be employed during eventual pre-clinical as well as clinical applications
using CEST imaging. [R1.10] [R1.11] A further issue for pre-clinical and clinical
applications will be exclusion of By and B1 inhomogeneities on the CEST effect. For the
latter concern, however, BIRDS could be used to potentially circumvent because it is less
affected by By and B inhomogeneities. [R1.11]

Conclusions

Using EUDOTA-(gly)4~ we obtained temperature data (measured by BIRDS) at two
different ambient conditions within 0.1 °C accuracy of the actual temperature of the
phantom (measured by thermocouple). Quantitative information from BIRDS obtained at
CSl spatial resolution (i.e., voxel size of 0.8x0.8x2.0 mm3) may be used to improve the
qualitative CEST contrast which has higher MRI spatial resolution (i.e., voxel size of
0.125%0.125x2.0 mm?3) but may suffer from unknown contributions from various
experimental factors. These results suggest that EUDOTA-(gly),~ and other PARACEST-
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like agents which possess high numbers of exchangeable and non-exchangeable protons can
be used as a dual biosensor featuring both CEST and BIRDS properties. Future studies
should seek agent designs that enhance BIRDS sensitivity without diminishing the
advantages of CEST as these combined properties in a single molecular probe can have a
wide range of MRI and MRS applications in functional brain studies (34-38).

Abbreviations

BIRDS biosensor imaging of redundant deviation in shifts
CEST chemical exchange saturation transfer

DIACEST diamagnetic CEST

MR magnetic resonance

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

PARACEST paramagnetic CEST

SNR signal-to-noise ration

RCAs responsive contrast agents
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Figure 1. BIRDS characterization of EUDOTA-(gly)s

(A) Proton spectrum at pH of 7.0 and temperature of 10 °C. Insets represent the chemical
structure of EUDOTA-(gly),~ and the bound water resonance at ~60 ppm. The 1H
resonances were assigned by 2D COSY data. The resonance marked by * corresponds to
traces of an HPLC solvent left in the sample after purification. The H7 proton belongs to the
amide. (B) 3D surface plot showing the temperature and pH dependencies of H4 proton
chemical shift which is unaffected by pH, thereby simplifying the equation for temperature
calibration to a second order polynomial (eq. [1]). (C) Accuracy of temperature
determination at various SNR values for the H4 resonance. The SNR of a voxel during a
typical in vitro CSI experiment is in the range of 10 to 25, which corresponds to a standard
deviation in temperature of 0.07 °C or smaller.
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Figure 2. CEST characterization of EUDOTA-(gly)s~

Z-spectra corresponding to effects of (A) temperature, (B) pH, (C) effective agent
concentration, and (D) TR. The CEST effects were generated by a selective continuous
wave square shaped RF saturation pulse duration of 1 s with a By field of 78 uT. In Fig

Saturation frequency (ppm)

. 2C,

due to 10% D,0 content in each sample, the effective concentration of EUDOTA-(gly)s

agent which contributes to CEST is 90% of the total agent concentration. [R1.4]
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Figure 3. BIRDS and CEST imaging with EuDOTA-(gly)s~

In vitro temperature effects of a phantom consisting of a cylindrical tube with 20 mM
EuDOTA-(gly)4™ in 10% D,O at pH 7.0. (A) Proton 2D CSI data set demonstrating the
distribution of the H4 resonance on a 2 mm slice of the phantom. The CSI voxel dimension
was 0.8x0.8x2 mm3. (B) Example of proton spectrum from a CSI voxel indicated by a red
box in A. (C) In vitro BIRDS. Temperature maps of the phantom obtained by BIRDS at
room temperature (left) and heated using a water-heating blanket (right). (D) In vitro CEST.
MRI maps obtained under the same two ambient conditions as above (i.e., left represents
room temperature, right represents heating by a water-heating blanket), but each image
represents the percentage decrease in intensity due to the CEST effect calculated according
to eq. [3]. A square shaped RF saturation pulse of 1 s duration and B field of 32.6 uT was
used. [R1.10] The CEST contrast is attenuated at the lower temperature as suggested by the
Z-spectra in Fig. 2A. However this CEST contrast is not quantitative unless the experimental
factors like concentration and pH of EUDOTA-(gly),~ as well as the TR are known.
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Temperature sensitivities and relaxation times for EUDOTA-(gly),~ protons (at 35 °C and pH of 7.0).

Proton Temperature Ty (ms) T, (Ms)
sensitivity (ppm/°C)

H1 0.0593 + 0.0002 309+1.2 56+0.3
H2 0.0051 + 0.0003 38.7+13 6.3+0.3
H3 0.0223 + 0.0003 34.9+0.6 7.0+03
H4 —0.1299 + 0.0003 26.7+13 6.2+0.2
H5 0.0754 + 0.0004 37.1+17 7.0+05
H6 0.1033 + 0.0004 29.0+1.0 58+0.2
H73 - - -

H8 00154 £0.0004 | 140.5+5.1 | 10.2+0.9
H9 0.0242 + 0.0005 1516+32 | 6.1+x05

athe H7 amide proton is in fast exchange with the bulk water (observed at temperatures 15 °C).
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Coefficients ag, a; and a, for temperature with H4 resonance of EUDOTA-(gly)s ™.

Table 2

Coefficient Value
ag 35.30£0.01
a ~7.74 + 0.02
a, 0.32+0.02
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