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The lanthanide complex, thulium 1,4,7,10-tetraazacyclodo- of GADOTA™ in vivo, we have been evaluating the suitability
decane-1,4,7,10-tetraacetic acid (TmMDOTA™), has been investi-  of TMDOTA~ for NMR thermometryin vivo. In this report,
gated as an agent for MR thermometry in v_i\{o. The chemical shifts  \ye demonstrate proof of concept by showing that the chemicz
of the TMDOTA™ protons were highly sensitive to temperature at a shift of the TMDOTA protons has a large temperature coef-
clinically relevant field strength, yet insensitive to pH and the pres- ficient that is insensitive to pH and the presence Feour

ence of Ca’*. Given the excellent stability of lanthanide-DOTA . . . . .
complexes and high thermal sensitivity, TmMDOTA™ is expected to !nltlal reSl,Jlt,S in phantoms and gnlmals |nd|qate that TmDOTA
is a promising MR thermometric agent fiorvivo use.

be a good candidate for MR thermometry in vivo.  © 2001 Academic Press

MATERIALS AND METHODS
INTRODUCTION (1) Preparation of TMDOTA

MR methods that measure temperatirgivo have been the . TMDOTA was synthesized from Tj@s (Sigma Chem-

. o o ical Co., Milwaukee, WI, USA) and DOTA (Macrocyclics,
subject of active investigation in recent years due to the pQ- . ;
d . . allas, TX, USA) using standard procedures. After conversior
tential of hyper- and hypothermia-related medical proceduré L )
. . . of Tm,0O3 to TmCk and standardization, an equivalent amount
(1-9. While MR thermal mapping techniques based on the en: - 5~ . )
: . - of Tm*" was added to a solution of DOTA at pH 10. This was
dogenous water proton chemical shift or relaxivity have shown .
. N -warmed to~80°C and stirred for~3 days to assure complete
promise for applications such as laser surgery or RF ablation, . . : i
. DRI . .. cgmplexation. The resulting mixture was added to a cation ex
their application in hyperthermia procedures has been limité

due to the high thermal resolution requirementt0.5°C). c¢hange column (Bio-Rex 70, sodium form) to remove any exces

e . unreacted T from the complex. Pure TmMDOTAwas eluted
the weak thermal sensitivity of water proton chemical Shlti : o )
rom the column using distilled water, concentrated, and filterec

(~0.008 ppm?C), and other factors that degrade the MR phase . L
just prior to usen vivo.
map @, 2, 10.

Paramagnetic lanthanide complexes have recently been
vestigated as potential exogenous MR thermometric probes
hyperthermia due to their stronger temperature-dependenfa) Phantoms. A12 mM TmDOTA™ aqueous solution (con-
chemical shifts 10-14. For example, the temperature and pkentration was estimated from the amount of DOTA consumex
sensitivity of the proton and phosphorus nuclei of TnD&TP in the complexation reaction) was used in the phantom study
allow a simultaneous measure of both paramefefs informa- All MR measurements were performed on a 2-T animal sys.
tionvaluable in cancer research and treatmes-( 3. Although tem (Bruker Instruments, Billerica, MA) using a 2.5-cm sur-
the addition of adjuvant G4 does not alter the temperature serface coil. The temperature dependence of the proton chem
sitivity of these nucleil4, 18, 19, binding of C&* to this highly cal shifts of TmDOTA was measured during cooling of an
charged complex could potentially limit its vivo use. aqueous sample of TMDOTAfrom 45°C to room temperature.

1,4,7,10-TetraazacyclododecahEN-N",N”-tetraaceticacid The temperature of the phantom was monitored with a coppel
(DOTA) is known to form inert and stable complexes with laneonstantan thermocouple (TT-T-36, Omega Eng. Inc., Stamforc
thanide cations20—-29. Studies have shown that GADOTAa CT). Proton free induction decays (FID) were selectively col-
widely used clinical MR contrast agent, does not alter the colected using a 1-ms Gaussian pulse, a repetition time (TR) o
centration of metal ions in plasm21). To take advantage of 60 ms, 256 signal averages, and a spectral bandwidth of 10 kH
the large thermal sensitivity of T#h, the smaller charge on theThe TmDOTA™ proton chemical shifts were referenced to
LnDOTA™ versus LnDOTP- complexes, and the proven safetyoulk water set to 0 ppm. Water suppression was used for dat
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FIG. 1. Molecular structure of TmDOTA and portions of proton spectra of TmMDOTA(a) Structure of TMDOTA contains six nonequivalent protons
(H1-H6). H1-H4 correspond to ethylene protons, and H5 and H6 correspond to methylene—acetate protons. (b) Chemical shifts of H5 and H6 ThvEmSDOTA
temperature at 2 T. (c) TMDOTAH1 and H6 signals in plasma acquired at 2 T at room temperature. (d) TmD®®Asignal in plasma acquired at 2 T at room
temperature.

acquisition of the H2 and H3 signals approximately 5 kHz awaymonths post-synthesis to document the stability of TmMDOTA
from water resonance (Fig. 123). To investigate the feasibility of imaging one or more of those
The chemical shifts of the protons in TnDOTAvere mea- protons, a TmDOTA phantom was imaged using a 3D gradient
sured at different pH values from pH 5 to 9 at room temperatuggho sequence in conjunction with selective RF excitation. Othe
to determine their chemical shift pH dependencies. The soimaging parameters included TE/TR 3.6 ms/50 ms, field of
tion pH value was measured with an AR 15 pH meter (Fishefew (FOV) 6 x 6 cm, acquisition matrix 3% 32 x 32, and
Scientific Co, Pittsburgh, PA, USA) and adjusted with HCI andumber of excitations (NEX) 16.
NaOH. The measurement accuracy of the pH meter is approxi-
mately+0.1 pH unit. (b) Animals. Invivaneasurements were also performed on
To determine if C&" alters the chemical shift of thethe 2T system in three healthy rats (body weight approximatel
TmDOTA™ protons, a 50 mM Caglsolution was used to in- 250 g). After the rats were anesthetized with halothane vapo
crease the Gd concentration in the TmMDOTAphantom from a copper-constantan thermocouple and an 18-gauge plastic tu
0 to approximately 10 mM. were implanted beneath the abdominal muscle. The reading
The chemical shifts of the TmDOTAprotons were measuredof the thermocouple were obtained using an Omega thermom
in bovine plasma at room temperature{@3(Sigma Chemical ter (DT41, Omega Eng. Inc., Stamford, CT) with a measure
Co.) to see if the chemical shifts of TmDOTAprotons were af- ment accuracy oft0.5°C. Approximately 2 cc of~12 mM
fected by the presence of macromolecules in plasma. The chemiDOTA™ in normal saline was injected intraperitoneally into
cal shifts of the TmDOTA protons were measured weekly up tahe abdominal cavity via the plastic tube after the rat was place
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into the magnet. A 2.5-cm surface coil was positioned aboy
the abdomen and proton signals of TmDOT#ere selectively
acquired (1024 averages) after the themocouple readings w
stabilized. A small bag filled with cold or warm water was use:
to change the temperature in the abdominal region.

RESULTS

(1) Phantom Studies

The high-resolutiotH NMR spectrum of TmDOTA ap-
pears largely as six resonances due to the fourfold symmetryg b
the complex (Fig. 1a, H1-H4 correspond to the ethylene protons,
H5 and H6 correspond to the acetate prot(ﬁg),(similar to the FIG.2. Gradient echoimages of a TmDOTAphantom and a saline phan-
assignment of TMDOTP (23)). Although the LnDOTA com-  tom acquired on a 2-T animal system using a nonselective hard pulse at wat

. . . i~ icflequency (a) and a 1-ms Gaussian RF pulse at the resonance frequency of |
plexes are known to exist as a mixture of two coordination IS§1 TmDOTA™. (b) The region-of-interest (ROI) signal ratio of the TMDOTA

mers @8): 0n_|y one dominates _the spectrum of TMDOTA'he  phantom to the saline was approximately 37 : 1 with the 1-ms Gaussian puls
chemical shifts of the protons in TmMDOTAanged from—247  selective excitation.

to +382 ppm at room temperature referenced with the water

resonance frequency (Table 1). The protons of TmDOTad

strong chemical shift temperature dependencies ranging fro”FigureZshows gradient echo images of a TmDOB&ueous
—1.4 1o 1.1 ppni/C (see Table 1, Fig. 1b). The resonace aregpantom and a saline phantom acquired with (a) a nonselectiv
were approximately : 1:1forH4,H5,and H6,and 0.9:0.8: 0.8nard pulse at the water frequency or (b) a 1-ms Gaussian RF pul
for H1, H2, and H3. The deviation from unity of H1, H2, andyt the resonance frequency of the TMDOTAI5 resonance.
H3 was likely due to integrated signal loss in the broader winggsmparison of (a) with (b) indicates that selective excitation at
near the base line (Figs. 1c, 1d). the H5 resonance alone may be sufficient for TmDOThag-

At room temperature, the chemical shifts of protons Hlng The mean signal intensity ratio of the TnDOTAhantom
H2, H3, and H6 did not show noticeable pH dependengy that of the saline in (b) was approximately 37 : 1 with a 1-ms

(~0.1 ppm/pH unit) over the physiological pH range (pH 6aussian pulse selective excitation.
9; Table 1) within the accuracy of our measuring devices (pH

detection,£0.1 pH unit; frequency detectior;0.1 ppm; tem- . .

perature;£0.5°C). The H4 and H5 resonances did display awea(%) Animal Studies

pH dependence over this same range (0.1-0.2 ppm/pH unit). Th&pectra of individual TmDOTA protons were acquired over
proton chemical shifts were not sensitive to addition of'Qaor  a temperature range of 23 to“®by selective excitation using
was any precipitation of a €acomplex detected (Table 1). Thisa 1-ms Gaussian pulse. One minute of signal averaging yielde
is consistent with previous observations that GdDOT&es not  in vivo spectra with SNR of-34 for H5 and H6 (Figs. 3a, 3b).
form complexes with C& or Mg?* (21, 24. Furthermore, the The resonances appeared to be broadened due to a distribution
1H spectrum of TMDOTA was unaffected by the addition oftemperatures in the animal, especially when the temperature |

saline or bovine plasma (Table 1). the region of interest was much higher or lower than the anima
TABLE 1
Chemical Shifts of Protons in TmDOTA™ and Their Sensitivities to Temperature, Ca?*, and pH
é (ppm)
CpH Cr

Hn Day 1 Day 7 Pre-Ca Post C&* Preplasm@ Postplasm (ppm/unit) (ppmiC)
H1 —140 —1399 —-1411 —1409 —1398 —1398 — 0.50
H2 59.2 59.3 59.6 59.7 59.4 59.3 — —-0.20
H3 44.8 44.1 44.7 44.4 44.6 44.7 — —0.27
H4 375.8 376.7 377 377 373.2 374.8 +0.2 —1.45
H5 —2506 —2518 —252 —-2521 —2492 —2493 -01 1.13
H6 -1197 —1197 —1204 —1203 —1193 —1193 — 0.45

Note.Shifts are relative to water resonance at 0 ppm for experimental convenience. All measurements were perfaraied@n2emperature{21°C) unless
specified otherwise (see Footnale
a Measurements were performed at 23
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In vivo proton spectra of H1, H5, and H6 (a,b) acquiré@ & and the correlation between the TmDOTA NMR schemen(fir) and the copper-

FIG. 3.
constantan thermocouple (Thermocouple) measurements in animals (c). (a) H1 and H6 signals acquar&ca24 C. The excitation pulse was centered closer
to H6 resonance frequency. (b) H5 signal acquired using a 1-ms Gaussian pulse centering at its resonance frequency at 26 (dasheddir{eplahdrzs.

(c) Thermocouple readings versus temperature values based on TMDIINIR scheme. Measurement reading errors w@eb°C for the thermocouple and
approximately+0.3°C for the NMR scheme in the animal experimentstiiermocouple= 0.999T_nmr+ 0.151.r2 = 0.78.

body temperature. The resonance frequency of three differemis of TNnDOTA™ have near ideal characteristics; they have
TmDOTA™ protons (each excited separately using a selectighemical shift temperature dependencies ranging frdn4 to
pulse) was measured as a function of temperature and plottetl ppm?C, considerably larger than other paramagnetic com

versus temperature as sensed by a thermocouple (Fig. 3c). plexes proposed for thermometric measuremehts (2, 25
and approximately two orders of magnitude more sensitive tha

DISCUSSION the chemical shift of water protong)( With the larger chemical
shift temperature dependence of this complex, it may be pos

The ideal MR thermometric probe should have an NMRsible to measure small differences in local tissue temperature
active nucleus with a chemical shift or relaxation rate th&twor instance, the scattered distributionio¥ivo data shown in

is highly temperature sensitive over the temperature rangeFaf. 3c was likely due to the temperature discrepancy betwee
interest, should be chemically ineirt vivo, and is capable the location of the thermocouple and the region of the NMR

of providing absolute temperature measurements. The proeasurement during the experimeh)(
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1.5 for Ct or use of the expressioBt = —0.00401,—0.00600
(14).
14 Thermal measurements may be performed on the chemic:
shift of one of the TMDOTA protons (compared to water as an
0.5 internal standard) or on the shifts of two TmDOTArotons that

haveC+ values with opposing signd4). In addition to spectro-
scopic schemes, the gradient echo image of H5 of TmMDOTA
shows that it is possible to image TmDOTAvith selective ex-
citation in addition to a spectroscopic scheme (Fig. 2). Due tc
its large thermal sensitivity of chemical shift, phase images o
TmDOTA™ are likely to be more accurate in the mapping of tem-
-1 perature distribution than those based on less thermally sensiti\
substances such as water protons.
-1.5 r r r The difference inCt values of the magnetically equivalent
-400 -200 0 200 400 protons of TMDOTA versus TmDOTP- is notable. Clearly,
the more highly charged ligand DO¥Pproduces a complex
§ (ppm) having a magnetic susceptibility greater than that of the comple;
formed with the ligand of lower charge, DOTA The net re-
FIG. 4. Chemical shift of TMDOTA protons §) at room temperature sult is that the protons of TmDOPP demonstrate shifts greater
ot oot L s . T o s o e o the magneti equtalent prolon in TmoOTRhe
el io of shifts averages about02t 0.1 except for H2, which
~0.004017C and--0.00600 ppriC, respectivelyr(” = 0.994). is 2.7 times larger in TMDOTP). Although this characteristic
. . _ translates into largeC values for the protons of TMDOPP
Both the chemlgal shiit and its temperafure dependen 4), there are other characteristics of this complex that make i
appear to be dominated by components of the paramagn tII(lgss favorable thermometric probe. The chemical shifts of th

shlerl1d|?ghterm 14). FlgurfeT4 S[?OOWS t|h€’ (\j/alues mﬁasm;]red .forleDOTFﬁ‘ protons are sensitive to both pH and®€and this
eachof the six protons of TmDOT/plotted versus the chemica complicates the temperature measurement. The chemical shif

shift of those six protons (data from Tables 1 and 2). The inte(;f the protons of TMDOTA however are largely pH indepen-

cgp_t oft.his plot i.s approximately 0.00600 ppitd/avalue that s dent, except for small pH dependencies found for H4 and H5
similar in magnitude to the temperature dependence meas ‘E chemical shifts of TMDOTA are also not sensitive to the
for diamagnetic compounds like wateé) (This figure implies resence of G4 or plasma proteins

that compounds with the largest absolute chemical shifts ar oth TMDOTA- and TmMDOTBE- have chemical shifts

likely to be the most promising candidates for MR thermometrg,nd corresponding temperature dependencies larger than thc

a_nd strengthens_ recent conclusions b_ased on data from SEVEf Bther recently reported thermally sensitive paramagnetic
differentlanthanide complexet3, 14. Figure 4 also allows cal- complexes, PrIMOE-DO3A and YbDOTMA (11-14. All

culagon of the czimmal shn‘tranq[e OtVT‘:rWh'CT pro€c>|r_1fvalu_es these complexes might be expected to display similar tis:
can be assumed to remain constant. or ins ance:‘j @arna-  ge biodistributions, but it is possible that the neutral com-
tion oin._OS ppmfCis acceptgble,the chemical shift may var lex, PrMOE-DO3A, might distribute into more hydrophobic
by approximatelyt-14 ppm. This corresponds to a temperatu ?paces and hence report temperature variations from diffel
change of about-30°C for H6. Accurate temperature measure; . regions. Furthermore, the methyl groups in both PrMOE:

ment outside this range would probably require an adjusted val 83A and YbDOTMA- could have T2 relaxation advantages.
The methoxy protons in PrMOE-DO3A appeared to have &

Shift Temperature Dependence (ppm/°C)

TABLE 2 0.5-ppm linewidthin vivo (a similar linewidth is expected for
Chemical Shifts of Protons in TmDOTPS* and TmDOTA~ YbDOTMA ™~ methyl protons)11, 12, about 0.3 ppm narrower
and Their Sensitivities to Temperature than that of H6 in TMDOTA. This advantage may make them

Hn  §(TmMDOTA-) &(TmDOTP-) Cr,TmDOTA- C;TmpoTP- More suitable for fastimaging schemes requiring long readout
at moderate thermal sensitivities.

H1 —140 —1984 +0.50 +1.08 Based on previous studies of GdADOTA21), one would
H2 +59.2 +88.1 -0.20 -0.54 " .

H3 448 1680 027 042 anticipate th_at TmDOTA would not alter the concentration of
Ha 13758 15089 _145 _288 other metal ion#n vivo. Based upon the known thermodynamic
H5 —2506 —4036 +1.13 +2.19 stability of TmDOTA™ (20) and the recordeth vivo safety of
H6 —-1197 -1604 +0.45 +0.87 GdDOTA"™ (21), one can safely assume that TmDOT#ould

Note.Shifts are relative to water resonance at 0 ppm for experimental con@SO be safe foin vivo use at the GADOTA dosage levels
nience. (21, 30.
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In summary, we have evaluated the feasibility of usintp.
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T. Frenzel, K. Roth, S. Kobler, B. Raduchel, H. Bauer, J. Platzek, anc

TmDOTA" for MR thermometry in phantoms and rodents. Our H.-J. Weinmann, Noninvasive temperature measurenrentivo using

re
to
th

sults indicate that protons in TmDOTAare highly sensitive
temperature and can be imaged. Compared to TmIﬁOTP1
is complex does not sequesterCand has very little pH de-

3.

a temperature-sensitive lanthanide complex &Hdmagnetic resonance
spectroscopyMagn. Reson. Me®5, 364-369 (1996).

C. S. Zuo, J. L. Bowers, K. R. Metz, T. Nosaka, A. D. Sherry, and
M. E. Clouse, TmDOTP: A substance for NMR temperature measurement

pendence in the pH range of 6 to 9. These results, in conjunctionin vivo, Magn. Reson. Me®6, 955960 (1996).
with previous studies on lanthanide—DOTA complexes, indicate. c. Zuo, K. Metz, Y. Sun, and A. Sherry, NMR temperature measurement:

th

at TmDOTA is likely to be safe foin vivo use and provides

using a paramagnetic lanthanide compléxMagn. Resan133, 53-60

a much simpler and reliable temperature measurement schemé!998):

fo

r in vivo applications requiring high thermal resolution.
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