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Relaxivity-based magnetic resonance of phosphonated ligands chelated with gadolinium (Gd3+) shows promise for
pH imaging. However instead of monitoring the paramagnetic effect of lanthanide complexes on the relaxivity of
water protons, biosensor (or molecular) imaging with magnetic resonance is also possible by detecting either the
nonexchangeable or the exchangeable protons on the lanthanide complexes themselves. The nonexchangeable
protons (e.g. –CHx, where 3≥ x≥ 1) are detected using a three-dimensional chemical shift imaging method called
biosensor imaging of redundant deviation in shifts (BIRDS), whereas the exchangeable protons (e.g. –OH or –NHy,
where 2≥ y≥1) are measured with chemical exchange saturation transfer (CEST) contrast. Here we tested the
feasibility of BIRDS and CEST for pH imaging of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraaminophosphonate
(DOTA-4AmP8�) chelated with thulium (Tm3+) and ytterbium (Yb3+). BIRDS and CEST experiments show that both
complexes are responsive to pH and temperature changes. Higher pH and temperature sensitivities are obtained
with BIRDS for either complex when using the chemical shift difference between two proton resonances vs using
the chemical shift of a single proton resonance, thereby eliminating the need to use water resonance as reference.
While CEST contrast for both agents is linearly dependent on pH within a relatively large range (i.e. 6.3–7.9), much
stronger CEST contrast is obtained with YbDOTA-4AmP5� than with TmDOTA-4AmP5�. In addition, we demonstrate
the prospect of using BIRDS to calibrate CEST as new platform for quantitative pH imaging. Copyright © 2014 John
Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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1. INTRODUCTION

Accurate measurement of pH is an active topic in molecular
biosensing with magnetic resonance (MR) methods (1,2). Several
MR methods, both imaging (MRI) and spectroscopy (MRS), are
available to monitor tissue pH (3). For example, a popular MRI
approach to assess the pH is based on measuring the relaxivity
of bulk water protons using a phosphonated ligand – 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraaminophosphonate (DOTA-
4AmP8�) – chelated with lanthanide ions (Ln3+) (4–6). These
relaxivity-based studies for in vivo pH scans have successfully
designed protocols to administer a pH-dependent contrast agent
containing gadolinium (Gd3+; e.g. Gd-DOTA-4AmP5�) in conjunc-
tion with another pH-insensitive contrast agent containing
dysprosium (Dy3+; e.g. Dy-DOTP5�) (5,6). The pH-insensitive agent
is used for concentration reference of the pH-sensitive agent
whose relaxivity is pH-dependent. While relaxivity-based measure-
ments detect the effect of the Gd3+ complexes on the water
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protons, MRS methods measure pH using chemical shifts of
endogenous and/or exogenous complexes containing pH-sensi-
tive nuclei (e.g. hyperpolarized 13C, 1H, 31P, and 19 F) (7–10).
Although these methods show great potential for pH imaging,
in vivo applications are somewhat limited owing to concerns
about low spatial resolution, spectral overlapping and the need
for state-of-the-art hardware for hyperpolarized technology.

pH can also be measured using signals emanating from either
the nonexchangeable or exchangeable protons of the lantha-
nide complexes (11–13). The exchangeable protons (e.g. –OH
or –NHy, where y= 1 or 2) are observed with an MRI method
called chemical exchange saturation transfer (CEST), whereas
the nonexchangeable protons (e.g. –CHx, where x= 1, 2 or 3)
are detected with MRS using a three-dimensional chemical shift
imaging method called biosensor imaging of redundant
deviation in shifts (BIRDS). Balaban and coworkers demon-
strated the feasibility for pH imaging with diamagnetic CEST
(DIACEST) complexes that contain amine or hydroxyl protons
(14–16). They showed that a change in the bulk water pool is
observed (i.e. MRI contrast) when the pool of diamagnetic
protons is saturated with a selective radio frequency (RF) pulse
of low amplitude. Tissue pH can also be evaluated using amide
signals from endogenous macromolecules via amide proton
transfer, which is a variant of DIACEST mechanism (17). However
DIACEST methods are susceptible to direct saturation of water
because the chemical shift separation between the pools of
diamagnetic exchangeable protons and bulk water protons is
rather small (i.e. 1–2ppm). To circumvent this issue with
DIACEST, pH-sensitive paramagnetic CEST (PARACEST) com-
plexes have been developed, which feature a much larger
chemical shift separation (i.e. >10ppm), thereby reducing the
concerns about direct water saturation (18).

Recently it was also reported that pH mapping with BIRDS is pos-
sible with paramagnetic phosphonate complexes (e.g. TmDOTP5�)
(13). In this method, chemical shifts of nonexchangeable protons
are paramagnetically shifted due to their close proximity to the
Tm3+ ion, where the phosphonate groups on the pendant arms
are responsible for the pH sensing. Protonation of the phosphonate
groups affects the molecular structure of the complex and thus the
chemical shifts of the protons on the complex backbone shift in
response to pH changes (19). BIRDS of TmDOTP5� can be used for
simultaneous temperature and pH measurements (13). However,
no CEST effect is observed in TmDOTP5�, possibly because of lack-
ing exchangeable protons (e.g. amide and bound water protons).

Thus we hypothesized that molecules which contain phos-
phonate groups, similar to TmDOTP5�, but which also have amide
protons available for proton exchange (detectable with CEST), can
be used for dual BIRDS and CEST pH sensing. However, there are
other pH reporting molecules, such as DOTA-tetraamide ligands,
which lack phosphonate groups but can provide pH sensing using
CEST (20). Thus, we propose to use the DOTA-4AmP8� chelate,
which contains nonexchangeable, exchangeable protons and
phosphonate groups, to investigate its pH sensing capabilities
when chelated with thulium (Tm3+) and ytterbium (Yb3+), using
both BIRDS and CEST detection schemes.

2. RESULTS AND DISCUSSION

The synthesis of DOTA-4AmP8� and chelation with lanthanide
ions like Tm3+ and Yb3+ (Fig. 1A) was described previously
(4,21). The 1H spectra of both complexes show characteristic

hyperfine-shifted resonances and their assignments were made
according to a previous report (Fig. 1B and C) (18). Compared
with the resonances of Yb-DOTA-4AmP5�, proton resonances
of Tm-DOTA-4AmP5� are shifted further away from the water
resonance. The exchangeable amide protons resonate at
~50 ppm for Tm-DOTA-4AmP5� at 35 °C, but are not observable
for Yb-DOTA-4AmP5�, suggesting that their exchange rates are
beyond the observable detection limit.
A series of 10mM Tm-DOTA-4AmP5� or Yb-DOTA-4AmP5� sam-

ples at different values of pH (6.30–7.90) in 90:10% H2O–D2O
phosphate buffer were prepared and studied. BIRDS temperature
and pH calibration was performed on all proton resonances at
various temperatures in the range of 25–40 °C. Temperature and
pH dependencies of chemical shifts are depicted in the forms of
3D surface plots (Supporting Information, Figs S1 and S2) and
fitted with a second-order polynomial dependence according to
the model

δ ¼ aþ b�pHþ c�T þ d�pH2 þ e�T2 þ f �pH�T (1)

where δ is the chemical shift of a nonexchangeable proton on the
probe, T and pH are the respective temperature and pH of the
sample, and the coefficients a–f are determined from the fit. The
fitted coefficients for each proton resonance for Tm-DOTA-
4AmP5� and Yb-DOTA-4AmP5� are outlined in the Supporting
Information, Tables S1 and S2, respectively. We choose a sec-
ond-order polynomial to fit our data because the results show a
nonlinear dependence for which a second-order polynomial is
one of the simplest equations that can describe the chemical shift
dependence on temperature and pH.
Regarding pH sensing by MRS with BIRDS, almost all chemical

shifts in both complexes are pH-sensitive (Table 1). The only pH-
insensitive proton resonances are H3 and H7 in Yb-DOTA-
4AmP5�, with pH sensitivities <0.03 ppm/pH unit. The pH
sensitivities are different for each resonance. The most pH sensi-
tive resonance in Tm-DOTA-4AmP5� is H8 (�4.0 ± 0.2 ppm/pH
unit at 35 °C) and the least sensitive is H7 (0.24 ± 0.04 ppm/pH
unit at 35 °C). The pH sensitivity for any given proton resonance
in Yb-DOTA-4AmP5� (0–1.68 ppm/pH unit) is smaller than the
corresponding resonance in Tm-DOTA-4AmP5�. The most sensi-
tive resonance in Yb-DOTA-4AmP5� is also H8 (i.e. �1.68 ± 0.03
ppm/pH unit at 35 °C), similar to Tm-DOTA-4AmP5�.
The chemical shifts of proton resonances in both Tm-DOTA-

4AmP5� and Yb-DOTA-4AmP5� are also sensitive to temperature,
as observed previously for TmDOTP5� (12,13). The resonances
with the highest temperature sensitivity are H4 in both Tm-
DOTA-4AmP5� (�1.49± 0.03 ppm/°C at pH7.50) and Yb-DOTA-
4AmP5� (�0.52± 0.01 ppm/°C at pH7.48; Table 1). However H4,
H1 and H5 of Tm-DOTA-4AmP5� have wider linewidths (800–
1400Hz), indicating that they have shorter transverse relaxation
times (T2 values ranging from 200 to 400μs). Very short T2 values
would not be favorable for BIRDS detection scheme because the
signal would decay too fast (within a few hundred microseconds),
requiring the use of a very fast CSI method. For example, a fast CSI
method (22) involving a very short excitation pulse (200μs)
followed by 3D phase encoding (200μs) results in a decrease (dur-
ing the pulse and phase encoding) to about 14–37% of the initial
intensity, for signals with T2 between 200 and 400μs. Thus these
three protons are not good candidates for the current BIRDS
detection scheme. Therefore, CSI sequences involving ultrashort
echo time (TE) detection schemes (23,24) should be considered
to allow detection of resonances with short T2.

Y. HUANG ET AL.

wileyonlinelibrary.com/journal/cmmi Copyright © 2014 John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2015, 10 51–58

52



Higher sensitivity in pH and/or temperature measurement can be
obtained when chemical shifts of two resonances are used as
suggested previously (25–27). Zuo et al. first demonstrated that
higher temperature accuracy is possible by taking the difference in
chemical shifts between two resonances of proton (or other nuclei)
in TmDOTP5� that are shifted in different directions upon tempera-
ture changes. Using the same approach, in this work, we showmuch
higher pH sensitivity for Tm-DOTA-4AmP5� by combining the two
most pH-sensitive proton resonances. In Tm-DOTA-4AmP5�, H6
and H8 are the two most pH-sensitive proton resonances and their
chemical shifts move in opposite directions in response to pH
change. Hence the chemical shift difference between these two
proton resonances improves the pH sensitivity to 5.2±0.2ppm/pH
unit at 35 °C (Fig. 2, Table 1). The enhanced pH sensitivity for Tm-
DOTA-4AmP5� is better than those recorded with TmDOTP5�

(≤ 4.2ppm/pH unit) (12,13). The H6–H8 chemical shift difference also
provides a temperature sensitivity of 0.30±0.01ppm/°C.
Interesting to note that the temperature sensitivity can be

cancelled if we choose two proton resonances with similar

temperature sensitivities. For example, the chemical shift differ-
ences between H3 and H2 in Tm-DOTA-4AmP5� provide a pH
sensitivity of 0.37± 0.02 ppm/pH unit and a temperature sensitiv-
ity of 0.054±0.001ppm/°C (Fig. 2, Table 1). This temperature
sensitivity is 6 times smaller than that of the H6–H8 combination.
Although the pH sensitivity for H3–H2 also decreases, this unique
feature provides a possibility to determine pH from the chemical
shifts while the temperature effect would be minimal. In Yb-
DOTA-4AmP5�, pH sensitivity can be enhanced to 2.1 ± 0.1 ppm/
pH unit when chemical shifts differences between proton
resonances H1 and H8 are used. Meanwhile, this combination
gives 0.130±0.002ppm/°C in temperature sensitivity. Another
combination of proton resonances (i.e. H5 and H4 in Yb-DOTA-
4AmP5�) shows high temperature sensitivity (0.89± 0.01 ppm/°C)
and relatively low pH sensitivity (0.35± 0.05 ppm/pH unit).
Another advantage to using the chemical shift difference between
two proton resonances is to avoid errors caused by susceptibility,
which can affect the frequency of water resonance. Although
susceptibility effect on water protons does not give rise to large

Figure 1. Structure and proton spectra of lanthanide ions (Ln3+) chelated with DOTA-4AmP8�. (A) Chemical structure of DOTA-4AmP8� chelated with
either thulium (Tm3+) or ytterbium (Yb3+). 1H MR spectra of 10mM solutions for (B) Tm-DOTA-4AmP5� and (C) Yb-DOTA-4AmP5� at 11.7 T at 35 °C and
pH7.4. W indicates water proton resonance, the different H’s indicate the different nonexchangeable proton resonances for biosensor imaging of
redundant deviation in shifts (BIRDS) and –NH represents the exchangeable proton resonances for chemical exchange of saturation transfer (CEST).
Characterizations of BIRDS and CEST for Ln-DOTA-4AmP5� are shown in Figs. 2 and 3, respectively.

Table 1. biosensor imaging of redundant deviation in shifts (BIRDS) characterization of 1H resonances in Tm-DOTA-4AmP5� and
Yb-DOTA-4AmP5�

Resonance

Tm-DOTA-4AmP5� Yb-DOTA-4AmP5�

pH sensitivity
(ppm/pH unit)a

Temperature sensitivity
(ppm/°C)b

pH sensitivity
(ppm/pH unit)a

Temperature sensitivity
(ppm/°C)b

H4 �3.9 ± 0.3 �1.49 ± 0.03 �0.62 ± 0.04 �0.52 ± 0.01
H2 �0.63 ± 0.04 �0.24 ± 0.01 �0.07 ± 0.01 �0.079 ± 0.001
H3 �0.25 ± 0.03 �0.188 ± 0.004 0.03 ± 0.01 �0.063 ± 0.001
H7 0.24 ± 0.04 0.121 ± 0.002 0.001 ± 0.001 0.051 ± 0.001
H8 �4.0 ± 0.2 0.170 ± 0.003 �1.68 ± 0.03 0.069 ± 0.001
H6 1.2 ± 0.1 0.47 ± 0.01 0.20 ± 0.02 0.17 ± 0.002
H1 1.8 ± 0.1 0.54 ± 0.01 0.38 ± 0.03 0.199 ± 0.002
H5 1.0 ± 0.1 1.04 ± 0.02 �0.27 ± 0.03 0.373 ± 0.004
H3–H2 0.37 ± 0.02 0.054 ± 0.001 — —
H6–H8 5.2 ± 0.2 0.30 ± 0.01 — —
H1–H8 — — 2.1 ± 0.1 0.130 ± 0.002
H5–H4 — — 0.35 ± 0.05 0.89 ± 0.01
aMeasured at 35 °C.
bMeasured at pH 7.50.
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changes in shift (i.e. in the range of several Hz), it affects the
water chemical shift measurements and thus temperature/pH
determination. Because the chemical shifts of all proton
resonances are normally referenced to water proton resonance,
these experimental variations can be avoided when two
independent signals are considered and their effects are
cancelled out.

BIRDS properties of Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5�

show great sensing potential for pH and temperature. However
pH and temperature measurements are interdependent through
chemical shift changes. To determine pH and temperature simulta-
neously, two pairs of chemical shifts with different pH/temperature
sensitivities are required. In this multiparametric model, the pH
and temperature were calculated from two chemical shift
differences Δδ1 and Δδ2,

pH ¼ A1 þ B1�Δδ1 þ C1�Δδ2 þ D1�Δδ21 þ E1�Δδ22 þ F1�Δδ1�Δδ2 (2)

T ¼ A2 þ B2�Δδ1 þ C2�Δδ2 þ D2�Δδ21 þ E2�Δδ22 þ F2�Δδ1�Δδ2 (3)

where Δδ1 and Δδ2 are the chemical shift differences between two
nonexchangeable protons on the probe and the coefficients A–F
were determined from the fits (Tables 2 and 3). For example, the
chemical shift differences H6–H8 and H3–H2 in Tm-DOTA-4AmP5�

and H1–H8 and H5–H4 in Yb-DOTA-4AmP5�, which represent Δδ1
and Δδ2 respectively for each probe, were used to determine T
and pH (Supporting Information, Fig. S3).
While BIRDS experiments detect nonexchangeable protons,

exchangeable protons and/or bound water protons can be
observed with CEST. At 35 °C and pH 7.5, the CEST effect of Yb-
DOTA-4AmP5� can be observed at about �18 ppm, whereas
the CEST effect of Tm-DOTA-4AmP5� can be observed at
approximately �50 ppm, using 4 s saturation RF pulse with a B1
of 16.7 μT (Fig. 3). The CEST peaks arise from the exchange be-
tween the amide protons and the bulk water protons. The CEST
effects are not observed in TmDOTP5� because it lacks ex-
changeable protons and bound water. In Fig. 3, we demonstrate
that the CEST effects are dependent on the pH and temperature
for both complexes. Increasing pH results in increased CEST peak

Figure 2. BIRDS characterization. Temperature and pH dependencies of chemical shift differences between two nonexchangeable protons: (A) H6 and H8
of Tm-DOTA-4AmP5�; (B) H3 and H2 of Tm-DOTA-4AmP5�; (C) H1 and H8 of Yb-DOTA-4AmP5�; and (D) H5 and H4 of Yb-DOTA-4AmP5�. The concentration
of each complex was 10mM. See Supporting Information, Figs S1 and 2 for temperature- and pH-dependence details on each nonexchangeable proton for
Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5�, respectively. Supporting Information, Fig. S3 shows the other temperature and pH dependencies of chemical
shift differences between two nonexchangeable protons. The temperature and pH sensitivities of each proton [determined with eqn (1)] and pairs of
protons [determined with eqns (2) and (3)] are shown in Table 1. The coefficients of eqn (1) for Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5� are shown in
Supplementary Tables 1 and 2, respectively. The coefficients of eqns (2) and (3) are shown in Tables 2 and 3.

Table 2. Coefficients for pH calculation using chemical shift differences of proton resonances in Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5�

A1 B1 C1 D1 E1 F1 r2

pHTm-DOTA-4AmP5- 5.06 0.62 �3.61 0.017 0.29 �0.15 0.999
pHYb-DOTA-4AmP5- 8.16 0.98 �0.14 0.038 0.00042 �0.0083 0.999
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intensities but without significant shift of the peaks (less than
0.5 ppm) for both complexes. Moreover, increasing the tempera-
ture, we observe an increase of CEST peak intensities but also a
shift of the peak towards the water resonance in both
complexes.
The CEST effect is usually quantified by CEST asymmetry as

1�Ms/M0, where Ms and M0 are the values of water magnetiza-
tion with and without RF saturation, respectively (Supporting
Information, Fig. S4). In 10mM Yb-DOTA-4AmP5� and 10mM

Tm-DOTA-4AmP5�, the CEST effects at 35 °C increase linearly as
pH increases from 6.3 to 7.9. The pH sensitivities of the CEST asym-
metry (1�Ms/M0) are 0.059±0.002 per pH unit and 0.034±0.002
per pH unit for Yb-DOTA-4AmP5� and Tm-DOTA-4AmP5�,
respectively (Fig. 4A). The temperature sensitivities of the CEST
asymmetry are 0.012±0.001 and 0.0073±0.0001ppm/°C for Yb-
DOTA-4AmP5� and Tm-DOTA-4AmP5�, respectively (Fig. 4B). Note
that, in the pH range investigated (6.3–7.9), the CEST asymmetry
(1�Ms/M0) shows a linear pH dependence. However, in a similar
CEST study (20), the authors reported a slightly nonlinear pH
dependence over this pH range. This could be due to different
experimental conditions used in their study (a 20mM Yb-DOTA-
4AmP5� sample at 9.4 T, a temperature of 25 °C and a saturation
pulse of 11.7 μT for 4 s) vs our study (a 10mM Yb-DOTA-4AmP5�

sample at 11.7 T, a temperature of 35 °C, a saturation pulse of
16.7 μT for 4 s). Different experimental conditions such as

temperature or agent concentration could change the CEST asym-
metry (1�Ms/M0) and therefore result in a shift of the pH depen-
dence such that it becomes linear over the pH range investigated
in our study. For both pH and temperature, the sensitivities of the
CEST asymmetry are higher in Yb-DOTA-4AmP5� than those in
Tm-DOTA-4AmP5�. In addition, the chemical shift of the CEST
peaks is also temperature-sensitive but not pH-sensitive. There-
fore, the chemical shift of the CEST peaks can also be used for
temperature determination, similar to the BIRDS method
(Supporting Information, Fig. S5). The corresponding temperature
sensitivities for the chemical shift of the CEST peaks are 0.34± 0.01
and 0.13± 0.02 ppm/°C for Yb-DOTA-4AmP5� and Tm-DOTA-
4AmP5�, respectively. However, these temperature sensitivities
are lower than those of nonexchangeable protons (Table 1). In
addition, temperature mapping using the chemical shifts of the
CEST peaks is not optimal because scanning of a relatively large
number of frequencies (e.g. 10–20) is required to accurately
measure the chemical shifts of the CEST peaks.

In vitro phantom studies of BIRDS imaging were performed on
both Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5� to demonstrate
the generation of high-resolution pH and temperature maps
with the proposed combination of protons (i.e. H6–H8 and H3–
H2 for Tm-DOTA-4AmP5�, and H1–H8 and H5–H4 for Yb-DOTA-
4AmP5�; Fig. 5). Two sets of phantoms were prepared for Tm-
DOTA-4AmP5� and Yb-DOTA-4AmP5�, in each case three small

Table 3. Coefficients for temperature (T) calculation using chemical shift differences of proton resonances in Tm-DOTA-4AmP5�

and Yb-DOTA-4AmP5�

A2 B2 C2 D2 E2 F2 r2

TTm-DOTA-4AmP5- 432.78 �5.38 98.8 �0.19 �0.67 1.66 0.999
TYb-DOTA-4AmP5- 381.00 1.55 3.59 0.13 0.011 �0.028 0.999

Figure 3. CEST characterization. Z-Spectra of samples containing 10mM Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5�. The CEST effects of pH were
recorded at 35 °C for (A) Tm-DOTA-4AmP5� and (B) Yb-DOTA-4AmP5�, while the CEST effects of temperature were recorded for (C) Tm-DOTA-4AmP5�

at pH7.50 and for (D) Yb-DOTA-4AmP5� at pH7.48. Insets show magnified portions of the exchangeable proton pool. See Supporting Information, Fig.
S4 for the CEST asymmetry spectra.
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adjacently placed glass tubes containing 10mM solutions, but
with different pH values: for Tm-DOTA-4AmP5� at pH of 6.4,
7.2, and 7.8 from left to right; and for Yb-DOTA-4AmP5� at pH
of 6.3, 7.1, and 7.8, from left to right (Fig. 5). The pH values of
these phantoms were independently measured with a pH
electrode.

BIRDS experiments with Tm-DOTA-4AmP5� and Yb-DOTA-
4AmP5� were acquired at 27.5 and 28.5 ºC, respectively. The
temperature values of these phantoms were independently
confirmed with a thermocouple. We interpolated the BIRDS data
to a matrix size of 128 × 128 (Fig. 5A, B, D, E) using a bicubic

algorithm to match image matrix of the CEST data. Calculated
temperature and pH distributions for each Tm-DOTA-4AmP5�

tube from left to right were 27.5 ± 0.3, 27.7 ± 0.3 and 27.4 ± 0.4,
and pH values were 6.43 ± 0.03, 7.24 ± 0.04 and 7.82 ± 0.03
(Fig. 5A and B). Calculated temperature and pH distributions for
each Yb-DOTA-4AmP5� tube from left to right were 28.4 ± 0.1,
28.5 ± 0.1 and 28.8 ± 0.1, and pH values were 6.34 ± 0.04,
7.10 ± 0.02 and 7.80 ± 0.04 (Fig. 5D and E). The calculated values
from BIRDS maps are in good agreement with the measured
values, demonstrating the accuracy of the calibration obtained
in Tables 2 and 3 and Supporting Information, Fig. S3.

Figure 4. The dependence of CEST effects of Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5� on (A) pH in the range of 6.3–7.9 at 35 °C and (B) temperature
in the range of 25–40 °C at pH 7.5. See Supporting Information, Fig. S5 for the saturation frequency offsets of the most intense CEST effect as a function
of temperature for Ln-DOTA-4AmP5�.

Figure 5. BIRDS and CEST imaging studies for phantoms containing (A–C) Tm-DOTA-4AmP5� at different pH (i.e. pH6.4, 7.2, and 7.8 from left to right), and
(D-F) Yb-DOTA-4AmP5� at different pH (i.e. pH6.3, 7.1 and 7.8 from left to right). Temperature mapping with BIRDS for both (A) Tm-DOTA-4AmP5� and (D)
Yb-DOTA-4AmP5� shows homogeneous temperature distributions, while pH mapping with BIRDS for (B) Tm-DOTA-4AmP5� and (E) Yb-DOTA-4AmP5�

shows accurate measurements of pH. CEST contrast generated for each phantom of (C) Tm-DOTA-4AmP5� and (F) Yb-DOTA-4AmP5� shows feasibility in
pH mapping. BIRDS maps were interpolated to size of 128×128 to match the resolution of the CEST maps. The black circles represent the glass wall of
the phantoms used for the experiments. The scale bars for A, B, D and E represent temperature and pH from BIRDS, whereas the scale bars for C and F
represent the calibrated gray scale for CEST depicting the pH range. The calibration is a two-step process: first, absolute temperature from BIRDS is used
to choose the offset frequencies for CEST; second, the gray scale from CEST is calibrated according to pH range established by BIRDS. See text for details.
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CEST experiments were also acquired with the same phantoms.
For Tm-DOTA-4AmP5� at 27.5 ºC, the CEST effects were 1.6 ± 0.6,
2.7± 0.7 and 4.1± 1.2% for pH values of 6.4, 7.2 and 7.8, respec-
tively (Fig. 5C). For Yb-DOTA-4AmP5� at 28.5 ºC, the CEST effects
were 2.9± 0.8, 5.4± 1.1 and 9.6± 1.5% for pH values of 6.3, 7.1
and 7.8, respectively (Fig. 5F). The CEST effects in the imaging
experiments were verified with CEST effects independently
obtained from the Z-spectra (Supporting Information, Fig. S6).
Small deviations between two datasets in CEST experiments
(imaging vs Z-spectrum) can be attributed to errors in estimation
of saturation power and/or B1 inhomogeneities especially in the im-
aging experiments. As shown in Fig. 5, for both Tm-DOTA-4AmP5�

and Yb-DOTA-4AmP5�, the pH sensitivities are much higher in
BIRDS than those in CEST, suggesting that BIRDS is more suitable
for pH mapping with these agents. CEST experiments, however,
can provide much higher spatial resolution. The improvement
in spatial resolution in BIRDS is possible by designing new
agents that contain more protons for detection or faster
acquisition paradigms. A recent report has demonstrated that
the effective voxel size of detection in BIRDS with other lantha-
nide agents can be reduced to 1 μl (22).
We believe that BIRDS and CEST can be used together to achieve

high-resolution pH imaging using either Tm-DOTA-4AmP5� or Yb-
DOTA-4AmP5�. BIRDS provides both absolute temperature and
pH maps with high sensitivities. More importantly, the temperature
obtained from the BIRDS experiments can subsequently be used for
determining saturation frequencies, which are temperature-
sensitive in the CEST experiments. The resulting images are pH-
contrasted CEST effects (Fig. 5C and D), as calibrated by BIRDS
(Supporting Information, Fig. S7). The calibration is a two-step
process. First the absolute temperature from BIRDS is used to
choose the optimal saturation offsets for each complex in the
CEST experiment (Supporting Information, Fig. S5). Because there
is a linear relationship between CEST effects in the imaging
experiments and CEST effects from the Z-spectra (Supporting
Information, Fig. S6), choosing the right offset enabled the
measurement of the other contributor to the CEST contrast
(i.e. pH). Finally, the gray-scale contrast for CEST is calibrated using
the pH range established with BIRDS independently for each
complex (Supporting Information, Fig. S7). This dual biosensing
calibration approach uses the higher molecular specificity of
BIRDS with the higher spatial resolution of CEST for pH imaging.
Although Balaban and colleagues (14,15) showed that a

change in the bulk water pool is observed when the pool
of exchangeable protons is saturated with an RF pulse, the
CEST contrast depends on a number factors which include
the probe’s ambient temperature and pH, the probe’s
concentration and/or power of saturation RF pulse. Thus
quantitative CEST measurements are difficult without careful
estimation of the effects of all these factors. Herein, we
believe that quantitative BIRDS characterization of Tm-
DOTA-4AmP5� and Yb-DOTA-4AmP5� can be used together
with qualitative CEST experiments to provide a new detection
scheme for molecular pH imaging, as was demonstrated
recently with another PARACEST probe (11).

3. CONCLUSION

In summary, BIRDS and CEST studies of a phosphonate ligand (i.e.
DOTA-4AmP5�) chelated with two lanthanide metal ions (Tm3+

and Yb3+) are described in this work. We showed that higher pH

and temperature sensitivities are possible for BIRDS detection
scheme when we use chemical shift differences between two pro-
ton resonances. In addition to the nonexchangeable protons for
BIRDS detection, the exchangeable amide protons in these two
complexes can be observed in CEST experiments. The CEST effects
observed together with BIRDS open up the possibility of high-res-
olution quantitative pH imaging.

4. EXPERIMENTAL

4.1. Chemical Synthesis

Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5� were synthesized and
prepared as previously reported (19,21). Briefly, diethyl
bromoacetamidomethyl phosphonate was prepared from
reaction between bromoacetyl bromide and diethyl aminomethyl
phosphonate in the presence of K2CO3 in benzene. Cyclen was
alkylated by diethyl bromoacetamidomethyl phosphonate in the
presence of K2CO3 in acetonitrile to afford an ethyl ester of DOTA-
4AmP5�. The ethyl groups were removed by treating with 30% HBr
in glacial acetic acid at room temperature to obtain DOTA-4AmP5�.
Finally, LnCl3 (Ln

3+=Tm3+, Yb3+) was complexedwith DOTA-4AmP5�

at 60 °C for 12h to achieve the metal chelated complexes.

4.2. MR Spectroscopy

The samples for BIRDS and CEST experiments were prepared by
dissolving Tm-DOTA-4AmP5� or Yb-DOTA-4AmP5� complex in
90:10% H2O–D2O (500μl) at a concentration of 10mM. The pH
of the solution was adjusted using 10mM phosphate buffer in
the range 6.3–7.9. All MR experiments for BIRDS and CEST cali-
bration were performed using a vertical 11.7 T Bruker (Billerica,
MA, USA) spectrometer.

4.3. BIRDS Characterization

BIRDS characterization of Tm-DOTA-4AmP5� and Yb-DOTA-
4AmP5� was assessed by measuring the chemical shifts of each
resonance as a function of temperature with a series of
phantoms containing samples at various pH values (6.3–7.9).
pH and temperature dependencies of chemical shifts for proton
resonances of Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5� were
fitted to a second-order polynomial equation [eqn (1)] derived
from multi-parametric data of chemical shift (δ), pH, and temper-
ature (T) (12,13). pH and temperature were determined indepen-
dently from two chemical shift differences using eqns (2) and (3).

4.4. CEST Characterization

CEST experiments of Tm-DOTA-4AmP5� and Yb-DOTA-4AmP5�

were acquired by applying a 16.7 μT saturation pulse (4 s) followed
by a 90° observe pulse to measure the intensity of the water signal
(11). The ratio of water intensity (Ms/M0) was plotted as a function of
saturation frequency to obtain the Z-spectrum. The CEST effect was
quantified according to CEST%= (1�Ms/M0) ×100.

4.5. In vitro BIRDS and CEST

Phantoms containing 10mM Tm-DOTA-4AmP5� of different
values of pH (i.e. 6.4, 7.2 and 7.8) and 10mM Yb-DOTA-4AmP5�

of different values of pH (i.e. pH 6.3, 7.1 and 7.8) were used for
both BIRDS and CEST imaging. CSI and CEST data were obtained
on a 11.7 T horizontal bore spectrometer using a surface coil RF
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probe (2 cm) and field of view of 20 × 20mm. CSI experiments
were acquired using 17× 17 encoding steps, 128 averages and
repetition time (TR) 20ms. A 204.8μs SLR pulse was used for ex-
citation. CEST images were acquired using a spin-echo imaging
sequence with TR of 6 s, TE of 15ms, and image matrix of
128 × 128. A 4 s continuous-wave of 16.7 μT was used for satura-
tion at the frequencies of the exchangeable protons (saturation
‘on’) and at the frequencies on the opposite side from water
(saturation ‘off’). The frequencies for the saturation were deter-
mined from Supporting Information, Fig. S4(B), where the temper-
atures were determined from the BIRDS experiments. CEST
contrast images representing the percentage changes of image
intensities were generated. The temperature was controlled by
circulating constant-temperature hot air around the phantoms in
the magnet bore and the temperature was monitored by thermo-
couple that was positioned close to the phantoms.
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