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We describe the characterization of a Na temperature-depen-
ent chemical shift and relaxation rates in the complex,
a4HTm[DOTP]. This is the first characterization of a 23Na tem-
erature-dependent chemical shift in a nonmetallic sample. The

23Na temperature-dependent chemical shift coefficient is ;20.5
PPM/°C for both an aqueous solution and a 6% agarose gel of this
compound. This is 50 times the magnitude of the temperature-
dependent chemical shift coefficient of water protons. The relax-
ation times, T1, T2f, and T2s increased by 0.1, 0.01, and 0.05 ms/°C,
espectively. Applications of these unique properties for designing
n MRI technique for monitoring heat deposition in tissue and
issue phantoms are discussed. © 2000 Academic Press

Key Words: 23Na; temperature mapping; temperature-depen-
ent chemical shift; RF heating.

NMR temperature monitoring has many direct uses in m
icine and diagnostic magnetic resonance imaging (MRI). T
include aiding in the use of hyperthermia for cancer treatm
(1–4), diagnosing metabolic abnormalities (5), and studying
muscle exercise and recovery (6). This has been accomplish
using numerous methods, including monitoring the chem
shift and relaxation rates of water (5, 7–9), molecular diffusion
rate changes (1, 10), and the chemical shift and relaxation ra
of certain paramagnetic lanthanide complexes (11–15). Anal-

gous techniques that employ the use of thermocouple
imited by resolution and their invasive nature, presen
roblems for both the subject and the operator. The

mportant characteristics of an NMR method for monito
emperature must be rapidly generated high-resolution
nd a large temperature sensitivity with minimal influe

rom local motion and susceptibility variations. Unfortunat
he frequency shift of water protons is only on the orde
0.01 ppm/°C, with aT1 (longitudinal relaxation time) diffe-
nce of;1.5%/°C. Chemical shift and relaxation rate chan
f water have been used to measure temperature chan
umerous studies; however, the main limitation with th
ethods has been low sensitivity to small changes in tem
ture. While some success has been achieved using
roperties to monitor temperature, the properties exhibite

he paramagnetic lanthanide complexes provide much g
emperature sensitivity. In this communication we report
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emperature-dependent NMR properties ofNa in thulium(III)-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(meth
phosphonate), tetrasodium salt (Na4HTm[DOTP]) (Macro-
cyclics, Dallas, TX). We have discovered a temperature
pendent chemical shift coefficient of20.5 PPM/°C and tem
perature-dependent relaxation times of 0.1 ms/°C.

Paramagnetic lanthanide complexes have been used in
since the 1970s as shift reagents. Recently, they have bee
as sodium shift reagents in living systems (16), allowing the
discrimination of intra- and extracellular sodium pools. Sev
paramagnetic lanthanide complexes have been shown to
temperature-dependent chemical shifts of one or more
resonance peaks (and peaks of the solution in which the
incorporated) (11–15). The proton and phosphorous chem
hifts and relaxation rates of Tm[DOTP]52 as a function o

temperature have previously been reported (11, 13). The 31P
temperature-dependent chemical shift coefficient of the p
phonate groups on the macrocycle is 2.18 ppm/°C and
between 0.42 and 2.88 ppm/°C for the various protons.1H T1’s

nd T2’s (transverse relaxation time) are extremely short
the order of 1.7 ms or less, with31P T1 andT2 near 3 ms. Thi
is due to the extreme proximity of these atoms with the hi
paramagnetic thulium. There is a minor effect of tempera
increase on bothT1 andT2.

Our investigation was based on four sample types.
samples contained 40 mM Na4HTm[DOTP], one as a solutio
in doubly deionized water and the other in a 6% agarose
Two other samples contained 160 mM NaCl, again with on
a solution in doubly deionized water and the other in a
agarose gel. The pH of the solutions did not change
addition of the agarose. All experiments were carried out a
T where23Na resonates at a frequency of 107.07 MHz. Sam
heating was accomplished inside the magnet with a Br
variable temperature unit.23Na exhibits biexponentialT1 and

2 behavior when motional narrowing is not achieved, suc
in a gel. Due to the small difference between the twoT1’s, we
employed a standard inversion recovery method to obt
value for T1. Multiple quantum filtering (MQF) methods a
well suited to measuring twoT2’s (T2f, fast relaxation time, an
T2s, slow relaxation time) (17, 18). The MQF pulse sequen
we employed is
1090-7807/00 $35.00
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~p/ 2!f1–t / 2–~p!f2–t / 2–~p/ 2!f3–d–~p/ 2!f4–t,

heref is the phase of the radiofrequency (RF) pulse,t is the
preparation time,d is the evolution time, andt is the detectio
ime. With appropriate phase cycling, either double quan
ltering or triple quantum filtering is achieved (19). All data
rocessing was performed offline on a SGI O2 using Inte

ive Data Language (Boulder, CO).
To determine the temperature coefficient of the sod

hemical shift for Na4HTm[DOTP], each sample was hea
from room temperature (24°C for the gel, 26°C for the s
tion) to 46°C in steps of 2°C. Ten minutes were allowed
equilibration of the sample after the temperature monitor
already read the correct temperature. To verify complete e
ibration of the temperature, linewidths of the individual spe
were calculated at each temperature. Incomplete equilibr
would result in an increase in linewidth, because the
would shift during signal averaging, yielding a broade
signal. We found the linewidths of the peaks to be invaria
all temperatures. Representative23Na spectra of the gel samp
at three different temperatures are shown in Fig. 1.

Figure 2 displays the plot of chemical shift versus tem
ature from both the Na4HTm[DOTP] solution and the agaro
gel samples. The slopes of the lines reflect the tempera
dependent chemical shift coefficient in Hz/°C. The gel sam
has a temperature coefficient of251.06 0.5 Hz/°C while the
olution sample has a coefficient of254.1 6 0.5 Hz/°C
ividing these coefficients by the Larmor frequency of23Na at
.4 T (107.07 Hz/PPM) gives values of20.486 0.01 PPM/°C

for the gel sample and20.516 0.01 PPM/°C for the solutio

FIG. 1. Three 23Na spectra of the gel sample at three different temp-
ures. The solid line is the spectrum taken at 24°C, the broken line
pectrum taken at 34°C, and the dashed line is the spectrum taken at 46
pectra are vertically offset for presentation purposes. The spectrum at 4
hifted nearly211 PPM from the reference peak at 24°C.
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These coefficients are 50 times more sensitive than the
ficient for water protons!

In addition, we undertook an investigation of the sod
relaxation properties as a function of temperature.T1 was
omputed for the agarose gel and solution samples at
ifferent temperatures, 24, 34, 39, and 44°C. BiexponentiT2

was measured for the gel at these same temperatures. T
summarizes the effect of temperature on relaxation ti
Immediately obvious are the extremely shortT1’s andT2’s in
Na4HTm[DOTP], owing to the efficient relaxation mechanis
of the unpaired electrons of the thulium present. This i
addition to the already strong quadrupolar relaxation me

he
The

is

FIG. 2. Plot of temperature versus chemical shift for both the agaros
and the solution samples. The agarose gel sample is represented by the
and the solution sample is represented by the circles. The chemica
coefficient is the slope of the line divided by the resonant frequency for23Na
at 9.4 T (107.07 MHz). For the solution sample, the chemical shift coeffi
is 254.16 0.5 Hz or20.516 0.01 PPM/°C. The agarose gel sample h
chemical shift coefficient of251.06 0.5 Hz or20.486 0.01 PPM/°C.

TABLE 1
Relaxation Time Measurements for the Solution

and Agarose Gel Samples

Measurement 24°C 34°C 39°C 44°C

T1 Na4HTm[DOTP]
agarose (ms) 3.056 .01 3.906 .01 4.376 .01 4.976 .02

T1 Na4HTm[DOTP]
solution (ms) 3.136 .02 4.016 .02 4.496 .03 5.026 .02

T1 NaCl in agarose (ms)20.06 .07

1 NaCl solution (ms) 60.06 .50

2f Na4HTm[DOTP]
agarose (ms) 1.346 .15 1.466 .11 1.656 .15 2.006 .09

T2s Na4HTm[DOTP]
agarose (ms) 3.016 .05 3.646 .08 4.276 .07 4.926 .06

T2f NaCl in agarose (ms) 4.26 .07
T2s NaCl in agarose (ms)50.86 1.1

Note.Relaxation times are expressed as ms6 1 standard deviation.
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nism of the sodium nuclei. The dominant mechanism
further T1 andT2 relaxation rate enhancement is the pse-
ontact interaction generated by dipolar fields by the m
lectrons and felt by the neighboring sodium (20).
Both T1 and T2 increased with a rise in temperature a

predicted by Bloembergen–Purcell–Pound theory, where
pressions for both 1/T1 and 1/T2, in this motional regime, a
proportional to 1/temperature (21). However, contrary to th

igh sensitivity the chemical shift frequency elicits with te
erature, the relaxation rates do not change significantl
egree. Over a 20° temperature range, theT1 increased near

2 ms for both the gel and the solution.
In conclusion, we have characterized a temperature-sen

sodium chemical shift frequency for Na4HTm[DOTP]. This
temperature-dependent chemical shift coefficient is on th
der of 0.5 PPM/°C, 50 times more sensitive than the tem
ature-dependent chemical shift coefficient of water prot
Additionally, aT1 dependence of 0.1 ms/°C was found. Li-

idths of the several spectra were measured and found
qual at each temperature. The linewidth of a line resu

rom a pulse–acquire sequence decays withT*2, notT2. Even as
T2f andT2s are increased with temperature, theT*2 may be so
short that its effect from temperature may not have influe
the linewidth. The extreme sensitivity of the sodium chem
shift may have many applications, both in living systems an
magnetic resonance hardware considerations. Proton M
Tm[DOTP]52 has already been investigated for use as ain
vivo MRI “thermometer” (11). We anticipate the future use
the sodium signal as a complement. However, a pote
obstacle to achieving this is the strong possibility that
variance and DOTP binding site competition by calcium
other cations may alter the temperature-dependent che
shift coefficient (11).

With this in mind, the unique properties of Na4HTm[DOTP]
may enable its usage in the measurement of heat deposi
tissue phantoms as a result of the MRI experiment. Durin
MRI experiment, radiofrequency (RF) power is absorbed
the subject, which in turn may lead to heating (22). Numerous
alculations and simulations predict that, at higher fields
ssue of RF heating becomes much more severe (23, 24).
owever, there are no high-resolution experimental met

or measuring power deposition in tissue or a tissue pha
uring MRI examination. The23Na temperature-depende

chemical shift produces a phase shift governed byDvt, where
Dv is the frequency shift andt is the evolution time. Whil
keepingt short to preserve the signal, the largeDv allows the
measurement of small temperature differences through
phase shift. The full expression for the phase shift resu
from a change in chemical shift is

Df 5 360 z K z ~gB0! z TE z DT,

hereK is the temperature-dependent chemical shift co
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cient, TE is the echo time in a gradient echo pulse sequ
andDT is the temperature difference. This yields for23Na at

.0T (45 MHz) a 1° phase shift representing a tempera
hange of only 0.06°C! It should be noted here that the
ime plays a crucial role in determining the sensitivity of
easurement. Species with longerT2’s will allow for a longer

echo time to be used. Consequently, this same technique
possibly be accomplished using water, employing its20.01
PPM/°C temperature-dependent chemical shift and usin
echo time equal toT2.

By monitoring the23Na chemical shift in an agarose tiss
phantom containing 40 mM Na4HTm[DOTP] and creatin
temperature maps based on the phase of the observed
one will be able to test both aged and novel MRI coils for
absorption violations and local electric field hot spots.
spots normally arise due to a malfunctioning of a coil com
nent or failure to adequately distribute capacitance, the
creating large electric field densities in and around the coil.
choice of which substance to use in the analysis of RF he
patterns will ultimately be determined by the coil. For an
coil tuned to23Na, imaging the23Na from the Na4HTm[DOTP]
doped phantom would be an appropriate choice. An RF
tuned to 1H would require using a phantom that posse
protons which exhibited temperature-dependent chemica
and/or relaxation characteristics. This could be water, p
magnetic doped water, or the protons of a paramagnetic
reagent such as Na4HTm[DOTP]. Experiments in these seve
directions are currently underway in our laboratory. Us
doped agarose gels to evaluate coil performance and
may ultimately prevent both injuries to patients as a resu
the MRI experiment and instrumentation failure.
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