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Abstract
A magnetic resonance (MR) technique is developed to produce controlled radio-frequency (RF) hyperthermia (HT) in
subcutaneously-implanted 9L-gliosarcoma in Fisher rats using an MR scanner and its components; the scanner is also
simultaneously used to monitor the tumour temperature and the metabolic response of the tumour to the therapy. The
method uses the 1H chemical shift of thulium 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-acetic acid (TmDOTA�) to
monitor temperature. The desired HT temperature is achieved and maintained using a feedback loop mechanism that uses a
proportional-integral-derivative controller. The RF HT technique was able to heat the tumour from 33� to 45�C in �10 min
and was able to maintain the tumour temperature within �0.2�C of the target temperature (45�C). Simultaneous monitoring
of the metabolic changes with RF HT showed increases in total tissue and intracellular Naþ as measured by single-quantum
and triple-quantum filtered 23Na MR spectroscopy (MRS), respectively, and decreases in intra- and extracellular pH and
cellular bioenergetics as measured by 31P MRS. Monitoring of metabolic response in addition to the tumour temperature
measurements may serve as a more reliable and early indicator of therapy response. In addition, such measurements during
HT treatment will enhance our understanding of the tumour response mechanisms during HT, which may prove valuable in
designing methods to improve therapeutic efficiency.
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Introduction

Radiofrequency (RF) hyperthermia (HT) has proved

to be an adjuvant form of cancer treatment to

radiotherapy and chemotherapy for treating some

human cancers [1, 2]. In HT therapy, the temper-

ature of the tumour is raised by a few degrees

(�41–45�C) above the normal body temperature [3].

The effectiveness of HT is dependent on various

factors such as tumour type and tissue character-

istics, the temperature achieved during the treatment

and the length of the HT treatment. One of the major

concerns during HT is the need to maintain the

tumour temperature at a desired level (41–45�C)

with minimal thermal damage to vital normal tissues.

The lack of proper heating and temperature moni-

toring has been a major obstacle in evaluating the

efficacy of HT treatment in many previous studies

[4]. Thus, there are continued efforts to develop

optimal non-invasive techniques to deliver heat and

to monitor the tumour temperature during the

treatment in both experimental [5, 6] and clinical

[7] HT studies.

The effects of HT on plasma membrane perme-

ability and ionic exchange processes have been
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suggested to play a key role in cellular damage and

death from the treatment [8–11]. A trans-membrane

sodium concentration (Naþ) gradient that is essential

in maintaining cellular ion homeostasis for cell

survival could be disrupted when heat is applied,

therefore the effects of HT on total tissue ðNaþt Þ and

intra-cellular sodium ðNaþi Þ may be useful for mon-

itoring therapy response. Temperature can also

influence pH considerably due to changes in energy

metabolism. A decrease in the nucleoside-

tri-phosphates (NTP), and an increase in inorganic

phosphate (Pi) levels, as well as the intracellular pH

(pHi) shifting towards the acidic state, are some of

the responses exhibited with HT treatment mon-

itored using 31P NMR [9, 12–15]. Monitoring

cellular metabolic response during HT treatment

may be more reliable in assessing therapy efficacy

than monitoring temperature alone because different

tumours and tumour regions may have different

vulnerabilities to heat.

A magnetic resonance (MR) spectrometer that is

equipped with RF systems to excite spins can enable

an in-magnet HT application with simultaneous

non-invasive temperature monitoring and control

and to combine this RF HT technique with multi-

nuclear MR measurements would allow simultane-

ous investigation of the metabolic and physiological

effects of HT treatment on tumours [5, 6]. One goal

in this work was to develop a robust non-invasive

method for delivering in-magnet controlled RF HT

to heat subcutaneously (sc) implanted tumours using

the same RF volume coil as used for MR data

collection, and incorporate this RF HT technique

with 23Na and 31P MR spectroscopy (MRS) data

collection. Another goal was to apply the developed

controlled HT technique to monitor the effects of HT

on Naþt as measured by single-quantum (SQ) 23Na

MRS and Naþi by triple-quantum filtered (TQF)
23Na MRS, and cellular energy status (NTP/Pi) and

intra- and extra-cellular pH (pHi and pHe, respec-

tively) by 31P MRS in sc implanted 9L-gliosarcoma in

rats. The in-magnet RF HT technique controlled the

heating using a proportional-integral-derivative

(PID) feedback controller that was integrated into

the MR system that adjusted the RF power level

automatically to maintain the tumour temperature at

a desired level during heating and MR data collec-

tion. Non-invasive temperature measurements based

on the strong temperature dependence of the

hyperfine chemical shift of a paramagnetic lanthanide

complex 1,4,7,10-tetraazacyclodo-decane-1,4,7,10-

tetra-acetic acid (TmDOTA�) were used to measure

the tumour temperature during RF heating [16–18].

The use of paramagnetic complexes for MR thermo-

metry using Ni-N,N-diaminotroponiminate was

first suggested by Jack Roberts at the California

Institute of Technology in the 1960s (personal

communication with J.D. Glickson, University of

Pennsylvania, 2001). Among all the paramagnetic

complexes proposed for MR thermometry, the

macrocyclic complexes of thulium are most suitable

for in vivo applications because of their high temper-

ature sensitivity and high thermodynamic and kinetic

stability [17].

Some of the advantages of the in-magnet con-

trolled HT scheme include (1) better monitoring of

the tumour temperature compared to invasive local

temperature measurements with thermocouple or

fibre-optic probes, (2) efficient control of the RF

power to heat the tumour so that the tumour

temperature can be locked at a desired value during

the HT, and (3) simultaneous monitoring and

assessment of the metabolic and physiological

responses of the tumour during the HT treatment.

Methods

All MR experiments were performed on a Varian

9.4-T (Palo Alto, CA), 31 cm diameter horizontal

bore scanner. A loop-gap resonator (diameter,

20 mm; depth, 18 mm) dual tuned to 400 MHz for
1H, and either 106 MHz for 23Na or 163 MHz for 31P

was used for MR data collection and RF heating.

The homogeneity of RF heating produced by the coil

was tested using a 2 mM TmDOTA� gel phantom

that was heated from 17 to 27�C. 3D temperature

maps computed from TmDOTA� showed that the

standard deviation of the increase in temperature was

0.4�C across the whole image. Thus, the coil

produced a homogenous RF field and heating in a

homogeneous saline gel sample.

Development of in-magnet controlled RF HT with
23Na and 31P MR spectroscopy

Development and testing of in magnet controlled RF

HT with 23Na or 31P MRS data collection was

performed on a 2 mL glass vial containing 2 mM

TmDOTA�, 10 mM sodium phosphate (Na2HPO4)

and 0.9% sodium chloride (NaCl) in 6% agarose gel.

The temperature of the sample was calculated from

the chemical shift of H6 resonance in TmDOTA�. 1H

spectra from TmDOTA� were acquired at 400 MHz

using a 400 ms sinc-shaped 90� excitation pulse over a

spectral width of 100 kHz. The Chemical Shift

Selective (CHESS) technique [19] was used to

suppress the unwanted water signal. SQ and TQF
23Na spectra were collected at 106 MHz. A

pulse-acquire sequence with 100 ms pre-delay (pd),

90� excitation pulse width (pw) of 160ms, 5 kHz

spectral width (sw), and 1000 number of data points

(np) was used. TQF 23Na spectra were acquired with

the following pulse sequence: 90� – �/2 – 180� – �/2 –

90� – � – 90� – acquisition. The preparation time (�)
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was 10 ms, and the evolution time (�) was kept at a

minimum (10 ms) to allow RF phase change and avoid

signal loss due to TQ relaxation. A 48-step

phase-cycling scheme was used to select the TQF

signal [20]. All other parameters were similar as used

for SQ 23Na data collection. The data collection time

for a SQ 23Na spectrum with 32 signal averages was

13 s and that for a TQF 23Na spectrum with 384

signal averages was 84 s. 31P MRS data were collected

at 165 MHz using a pulse-acquire sequence and the

following parameters: pd¼ 1 s, flip angle¼ 60�,

pw¼ 100 ms, sw¼ 20 kHz and np¼ 4000. The total

data collection time for each 31P spectrum with 64

signal averages was 71 s.

The in-magnet controlled RF HT procedure was

developed and optimised for 23Na and 31P experi-

ments separately. Sets of consecutive 1H and 23Na

spectra or 1H and 31P spectra were collected

continuously during a typical experiment. After

collecting a set of baseline spectra, the decoupler

power was turned on at 400 MHz during 23Na or 31P

data collection for RF heating. The temperature of

the sample was controlled by adjusting the decoupler

power level using a PID controller. The controller

used a feedback loop mechanism to adjust the RF

power, u(t), based on the error, e(t), between the

target temperature and the current sample temper-

ature using the following equation:

uðt þ 1Þ ¼ uðtÞ þKpeðtÞ þKd

deðtÞ

dt
þKi

Z
eðtÞdt ð1Þ

where, Kp, Ki and Kd are proportional, integral and

derivative constants, respectively. The controller was

optimised by simulations using Simulink, Matlab 7.0

(Math Works, Natick, MA). A flow chart of the

simulation program is shown in Figure 1.

A first-order model of RF heating was used to

describe the heating produced by RF irradiation. In

this model the sample temperature, Tt, after RF

irradiation at a constant power level P for time t is

given by

Tt ¼ ðA � P � T0Þ � ½1� expð�t � kÞ� þ T0, ð2Þ

where T0 is the initial temperature, and A and k are

constants that depend on the experimental set-up.

The term ‘A �P ’ is equal to the steady-state temper-

ature in the presence of long-term constant RF

power irradiation. The values of A and k for RF HT

with 23Na and 31P data collection were determined

from open-loop curves. These curves were obtained

by irradiating the phantom at different constant RF

power levels. A set of open-loop curves for RF HT

experiments with consecutive SQ and TQF 23Na

data collection is shown in Figure 2. The values of A

and k were calculated by curve-fitting to Equation 2

and incorporated in the computer simulations.

Optimal values for Kp, Ki and Kd were determined

using the following criteria: (1) a rise time of 410–

15 min to reach the target temperature, (2) a max-

imum overshoot of 0.5�C, and (3) a maximum

settling time of 5 min after achieving the target

temperature. The optimal values for the PID con-

stants were chosen after investigating effects on

temperature control with the target temperature set

at 45�C using the simulation program.

After optimising the PID controller in computer

simulations, the controller was implemented on the

Figure 2. Open-loop temperature curves for SQ and
TQF 23Na experiments. The curves were obtained by
irradiating the phantom with different constant RF power
levels at 400 MHz during SQ and TQF 23Na data
collection. The temperature was monitored from the 1H
chemical shift of TmDOTA�. The constant RF power
(in W) for each curve is shown on right. These curves were
fitted to Equation 2 and used to model the RF heating for
simulating the PID controller.

Figure 1. A flow chart of a PID temperature controller
simulated using Simulink, Matlab. The simulation pro-
gram was used to optimise the controller constants, Kd, Kp

and Ki using a first order model of RF heating.
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Varian MR scanner and tested using the same

phantom and dual tuned volume coil as used for

obtaining the open-loop curves. After collecting a set

of baseline 1H and 23Na spectra or 1H and 31P

spectra, the RF power was turned on to heat the

sample to the 45�C target temperature. The RF

power was varied with the PID controller between 0

and 20 W while continuously collecting MRS data.

In vivo application of in-magnet controlled RF HT

with 23Na or 31P MR spectroscopy

The in-magnet controlled RF HT technique com-

bined with the MRS data collection was applied to

investigate the effects of HT treatment (45�C for

30 min after tumour temperature reached 45�C) on

sc-implanted 9L-gliosarcoma. Tumour Naþt and

Naþi levels were measured by SQ and TQF 23Na

MRS, respectively, in one set of experiments, and

cellular energy status (NTP/Pi), pHi and pHe were

measured by 31P MRS in another set of experiments.

Tumour model

9L-gliosarcoma cells were cultured with Dulbecco’s

modified Eagle’s medium with 4 mM L-glutamine

adjusted to contain 1.5 g/L sodium bicarbonate and

4.5 g/L glucose supplemented with 10% foetal bovine

serum (ATCC, Manassas, VA). Approximately

4� 106 cells in 0.1 mL phosphate buffer solution

were injected sc into the right or left leg of male

Fisher rats that were 6 weeks of age (70–110 g,

n¼ 6). The tumours were allowed to grow to �2 cm3

over 20–25 days prior to MR experiments.

Animal preparation

The animal experiments were reviewed and approved

by the institution’s Animal Care and Use Committee.

Rats were anaesthetised by inhalation of 1–2%

isofluorane in 100% oxygen or medical air delivered

through a face mask. The animal was positioned on a

plastic cradle over a pneumatic respiration sensor

(SA Instruments, Stony Brook, NY) for monitoring

respiration during the MR experiments. The tumour

was placed inside the dual tuned slotted tube reso-

nator as shown in Figure 3. The whole set up with the

cradle was then positioned inside the horizontal bore

magnet. Warm air was blown into the magnet bore

with a commercial hair-dryer (World Dreyer,

Berkley, IL) to help maintain the animal core body

temperature at�35–36�C, which was monitored with

a rectal fibre-optic probe (FOP) (FISO Technologies,

Quebec, Canada). To monitor the surrounding

temperature, an external FOP was placed near the

tumour but without touching the tumour.

In vivo SQ and TQF 23Na MRS experiments

A group of five tumour-bearing rats were used for
23Na MRS experiments. A 3–4 mL solution contain-

ing 100 mM TmDOTA� was injected through

the jugular vein �10 min before baseline MR data

collection. A 1 mL vial containing 500 mM

NaCl and 2.5 mM thulium-1,4,7,10-tetraazacy-

clododecane1,4,7,10-tetrakis-methylenephosphonate

(TmDOTP5�) in 10% agarose gel was placed near

the tumour inside the dual tuned 1H /23Na coil and

used as a SQ and TQF 23Na integrated resonance

intensity reference. TmDOTP5� was used to shift the

reference 23Na signal away from the tumour 23Na

signal. Agarose was used to generate a TQF 23Na

signal from the reference. SQ and TQF 23Na spectra

were collected using the same pulse sequences and

parameters as used in the phantom experiments.

In vivo 31P MRS experiments

A separate group of six tumour-bearing rats were

used for 31P MRS experiments. A solution contain-

ing 75 mM 3-aminopropylphosphonate (3-APP) and

100 mM TmDOTA- was infused through the jugular

vein �10 min prior to MRS experiments. 31P signal

from 3-APP was used for monitoring the pHe [21].

A 1 mL vial containing 100 mM methyl-phosphonic

acid (MPA) was placed inside the dual tuned 1H/31P

coil and used as a 31P external integrated intensity

reference. 31P spectra were also collected using

the same parameters as used in the phantom

experiments.

Protocol

The protocols for 23Na and 31P MR data collection

during in-magnet controlled RF HT experiments are

shown in Figure 4A and B. After baseline data

collection, the RF power was turned on at 400 MHz

during 23Na or 31P data collection. The target

temperature was set to 45�C and the RF power was

allowed to be varied by the PID controller. The RF

heating was turned off after 30 min of irradiation and

Figure 3. Schematic representation of the placement of
the sc implanted 9L-gliosarcoma tumour into the dual
tuned slotted tube resonator with an external reference
placed near the tumour inside the coil.
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the tumour temperature was allowed to return to the

baseline temperature.

Data analysis and statistics

All MRS data was analysed using NMR Utility

Transform Software (NUTS-Acorn NMR,

Livermore, CA). The time-domain data were base-

line corrected and multiplied by a single exponential

corresponding to 400 Hz line-broadening for 1H

free-induction decay (FID), 10 Hz for SQ 23Na

FID, and 25 Hz for TQF 23Na and 31P FIDs

before being Fourier transformed. Four sets of 31P

spectra were added together to improve

signal-to-noise ratio and quantification. The various

integrated resonance intensity areas in SQ and TQF
23Na spectra and 31P spectra were determined by

integration. Cellular energy status was evaluated

from the �NTP to Pi integrated resonance intensity

ratios. �NTP signal was chosen since it does not

contain contribution from adenosine diphosphates.

Temperature (TMRS) was calculated from the 1H

chemical shift of TmDOTA� using the following

relation:

TMRS ¼
F þ C0

C1
ð3Þ

where F is the chemical shift (in ppm) of the H6

signal from TmDOTA� referenced to water at

4.7 ppm. C0¼ 121.5 ppm and C1¼ 0.35 ppm/�C are

the zero and first order temperature calibration

constants, respectively [16].

The heating and cooling time constants from the

tumour temperature curve were estimated by curve

fitting to exponential equations using PSI-Plot

(Poly Software International, Pearl River, NY). The

thermal dose at 43�C (tdm43) in minutes was

calculated from the time interval, Dt, initial temper-

ature, T0, and the average temperature, Tav, during

Dt [22].

tdm43 ¼
1

43� T0

Xfinal

t¼0

ðTavðtÞ � T0ÞDt ð4Þ

Tumour pHi was estimated from the chemical shift

of Pi signal referenced to the �NTP signal in 31P

spectra using the relation [23].

pHi ¼
1979:5

T þ 273
� 5:4409þ 0:018567ðT þ 273Þ

þ log
�ðPi��ATPÞ � 10:72þ 0:003579T

13:18þ 0:00188T � �Pi��ATPÞ

� �

ð5Þ

Figure 4. Experimental protocols for (A) SQ and TQF 23Na and (B) 31P MRS data collection during in-magnet controlled
RF HT. Separate groups of 9L-gliosarcoma-bearing rats (n¼ 5) were examined by 23Na and 31P MRS experiments. After
collecting eight sets of baseline 1H and 23Na or 31P data, the RF HT was turned on and the tumour was allowed to reach
45�C while continuing the multi-nuclear data acquisition. The RF irradiation was turned off after 30 min of controlled HT at
45�C. The MR data collection was continued for an additional one hour during which time the tumour returned back to the
baseline temperature.
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where T is temperature in �C. Tumour pHe was

calculated from the shift of the 3-APP signal

referenced to �NTP [21].

pHe ¼ 6:91� log
�ð3APP��ATPÞ � 31:11

34:3� �ð3APP��ATPÞ

� �
ð6Þ

Tumour temperatures, pHi and pHe are repre-

sented as mean� standard error of mean (SEM).

Naþi , ðNaþt Þ and �NTP/Pi are presented relative to

the baseline values set to 100. Statistical analysis of

the data was performed by Student’s t-test. A p-value

	0.05 was considered significant compared to the

baseline (pre-HT) data set.

Results

In-magnet controlled HT technique

The optimisation of PID controller constants with

computer simulation using the mono exponential

heating model yielded the optimum values of

Kp¼ 1000, Kd¼ 1000, and Ki¼ 0. With these con-

troller constants, the RF HT technique was able to

heat the phantom from 30 to 45�C in �10 min and

then maintain the temperature at 45� 0.05�C.

A stacked plot of in vivo 1H NMR spectra of

TmDOTA� from a sc implanted tumour showing

the frequency shift of the H6 resonance before,

during and after controlled RF HT treatment is

shown in Figure 5A.

At baseline, the 1H signal resonates at �109 ppm,

which corresponds to 33.7�C. As the tumour tem-

perature was increased by RF irradiation, the 1H

signal shifted to the left. During the temperature

stabilisation phase, the signal frequency remained

relatively stable at 105.7 ppm, which corresponds to

45�C. When the RF power was turned off, the

tumour temperature decreased and the H6 signal

shifted back close to its baseline position. A temper-

ature plot for a sc-implanted tumour during a typical

controlled RF HT experiment with SQ and TQF

MRS data collection is shown in Figure 5B.

Application of the in-magnet controlled RF HT

technique raised the tumour temperature from 33.7

to 45�C in about 10–15 min with an average time

constant of 10� 2 min to reach the target tempera-

ture. After the target temperature was achieved, the

RF heating power was adjusted and modulated

automatically as per Equation 1 to maintain the

tumour temperature at �45�C. The RF power varied

between 15 and 20 W during the heating. While the

rise time for heating the tumour was slightly longer

than that for the phantom due to heat dissipation by

blood, the PID controller was able to maintain the

tumour temperature at 44.9� 0.2�C. After 30 min of

HT, the RF power was turned off and the tumour

returned to its baseline temperature (33.4�C) in�1 h.

The average cooling time constant was estimated

to be 16.9� 3.4 min. Integration of these tempera-

ture plots yielded an average tdm43 of

57� 2 min (Equation 4) for all 23Na and 31P

experiments. The rectal temperature remained at

35� 1�C throughout the experiment including

during the HT treatment.

Effects of in-magnet HT on SQ and TQF 23NaMRS:

Representative in vivo SQ and TQF 23Na spectrum

from a 9L-gliosarcoma collected before, 30 min

during and 40 min after controlled RF HT treatment,

are shown in Figure 6. Each of the SQ and TQF 23Na

spectrum shows two resonances, one from the

tumour at 0 ppm and another from the reference

containing 2.5 mM TmDOTP5� at �2 ppm. As HT

was administered to the 9L-gliosarcoma, increases in

both the SQ and TQF 23Na signal areas (SA) were

observed. Relative changes in SQ and TQF 23Na SA

Figure 5. (A) Stacked plot of representative in vivo 1H spectra from H6 of TmDOTA� from sc implanted 9L-gliosarcoma
during the controlled RF HT experiment. The chemical shift scale is referenced to the water resonance at 4.7 ppm. As
tumour temperature was increased by RF heating, the 1H signal shifted to the left. When the RF was turned off, the signal
shifted back to the original position. (B) A plot of tumour temperature calculated from the chemical shift of TmDOTA� and
RF power level during the 45�C HT experiment. The PID controller modulated the RF power for heating such that the
tumour temperature remained at 45� 0.2�C.
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averaged for all the tumours (n¼ 5) are shown in

Figure 7A. Controlled RF HT produced a gradual

increase in both SQ and TQF 23Na SA. These

changes in SQ 23Na spectra reflects changes in

tumour Naþt and those in TQF 23Na spectra reflects

changes in tumour Naþi [20]. The HT treatment

produced a 30–40% (p	 0.05) irreversible increase in

TQF 23Na SA compared to a reversible 12% increase

(p	 0.05) in SQ 23Na SA. TQF 23Na SA continued

to increase even after the heating was stopped and

tumour temperature returned to the baseline value.

Effects of in-magnet HT on 31P MRS

Representative in vivo 31P spectra collected from a

tumour before, 30 min during, and 40 min after the

controlled RF HT treatment are shown in Figure 6.

Each of the 31P spectrum shows three NTP

resonances from �-, �- and �-phosphate groups, a

phosphocreatine (PCr) resonance, a Pi resonance,

and a phosphomonoester (PME) resonance from the

9L-gliosarcoma. 31P resonances from the external

reference that contained MPA and the pHe probe,

3-APP, that was infused prior to start of the

experiment can also be observed at 31.8 and

24.91 ppm, respectively. The effects of HT on

changes in pHi and pHe calculated from Equations

5 and 6, and the relative changes in �NTP/Pi peak

areas averaged for all the tumours (n¼ 6) are shown

in Figure 7B and C. The tumour pHi and pHe were

7.08� 0.1 and 6.89� 0.05 units, respectively, prior

to HT. This trans-membrane pH gradient in the

tumour is opposite to that seen in normal tissues

which have a pHi of �7.1 and a pHe of 7.3–7.4 [24].

As the tumour temperature increased, pHi decreased

by �0.2 units, from 7.04� 0.05 to 6.89� 0.03

(p	 0.05) but then returned back to its baseline

value 15 min after RF power for HT was turned off.

pHi remained at the baseline value during the

remaining experimental period including the

post-HT period. pHe decreased by �0.17 units

from 6.92� 0.04 to 6.75� 0.04 (p	 0.05) with the

onset of HT. It is interesting to note that the decrease

in pHe occurred 10–12 min after the decrease in pHi.

pHe remained acidic throughout the HT treatment

but then gradually returned back to the baseline

value (6.9� 0.1) when the heating was terminated.

The changes in relative cellular energy status as

measured by �NTP/Pi SA ratios before, during and

after HT are shown in Figure 7C. When HT was

applied, �NTP/Pi decreased by �40% (p	 0.05)

during HT and remained depressed after HT.

Changes in NTP and Pi were also measured relative

to the external reference, MPA, placed beside the

tumour inside the coil. �NTP/MPA showed an

�18% decrease accompanied by a simultaneous

�30% increase in the Pi/MPA compared to their

respective baseline levels at the end of HT treatment

(data not shown).

Discussion

The in-magnet controlled RF HT technique pre-

sented here has several important characteristics. It

uses the same RF coil and MR hardware system for

Figure 6. Representative in vivo SQ (left), TQF (middle) 23Na and 31P spectra (right) from sc-implanted 9L-gliosarcoma
before (top), at the end of 30 min controlled HT (middle), and after 40 min of HT treatment. SQ and TQF 23Na spectra
show peaks from the tumour and the reference containing TmDOTP5-. The chemical shift scale is referenced to tissue 23Na
resonance at 0 ppm. 31P spectra show the different metabolite resonances from the tumour, the external reference, MPA, and
the pHe probe, 3-APP. The PCr resonance is assigned as 0 ppm.
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exciting the nuclear spins. It monitors the tumour

temperature from the 1H chemical shift of

TmDOTA, which is 50–100 times more sensitive

to temperature than water 1H shifts [17]. It maintains

the tumour temperature within �0.2�C of the target

temperature with an integrated PID controller.

Finally, this technique acquires SQ and TQF 23Na

or 31P MRS data consecutively with 1H MRS data

collection during controlled RF HT for monitoring

the metabolic and physiological effects of the

treatment.

During MR studies RF can cause significant

heating problems in tissues if the specific absorp-

tion rate (SAR) limits are exceeded [25].

This disadvantage of RF heat to normal tissues has

been exploited and utilised to deliver controlled RF

HT treatment to sc-implanted tumour in the rat. The

frequency of RF generally used for heating tumours

in humans is 2–4 MHz because the wavelengths

associated with this frequency range are considerably

longer than the dimensions of parts of the human

body [26]. The RF frequency of 400 MHz used in

the present study was adequate to produce relatively

uniform heating because animal tumours are only

1–2 cm in diameter. RF irradiation can heat up

tumours more easily than normal tissues because

tumours have poor vasculature and compromised

blood flow. In addition, the equation, W¼

0.5� ��E2, where � is the conductivity of the

material and E is the electric field produced in the

tissue, predicts that RF heating produces higher

increases in temperature with increasing ionic

strength [27]. In general, tumours have higher

sodium concentration compared to normal tissue

due to a lager relative extracellular space (rECS) and

high Naþi concentration. The larger extracellular

space results from inefficient cell packing and the

high Naþi concentrations results from abnormal

metabolism and ion physiology [28]. Because of

their high sodium concentration and high ionic

conductivity, tumours can be heated more easily

than normal tissues by RF irradiation. The higher

ionic conductivity in tumours has been proved by the

fact that Naþ content in the tumours was measured

to be three times more than that in the normal cells

[29] as measured by NMR and flame photometry

whereas the Kþ concentration was either similar or

1.2 times reduced in tumours when compared to

normal tissues [30]. Furthermore, RF exposure does

not increase the temperature of the sc fat layer

because of the low conductivity of fat, compared to

the sc-implanted tumour.

The use of the same MR spectrometer with its

components for RF heating as well as to excite spins

to perform MR data collection was first proposed by

Naruse et al. [13]. In their study, they delivered RF

HT to a sc-implanted tumour model in rat by

applying continuous RF power to a surface coil. The

two major drawbacks of the previous study were that

it did not make any effort to control the tumour

temperature during the treatment, and the use of a

surface coil produced very heterogeneous intra-

tumoural temperature during RF HT. In contrast,

the loop-gap resonator used in the present study

provided a relatively homogeneous RF field through-

out the tumour, which did not extend significantly

into the normal tissue.

Jayasundar et al. presented another experimental

set-up for the use of an MR spectrometer as an RF

HT applicator for rodent tumour models [6]. In their

set-up, a thermocouple was used to monitor and

Figure 7. Effects of 45�C HT on (A) SQ and TQF 23Na
signal areas (n¼ 5), (B) pHi and pHe (n¼ 6), and (C)
NTP/Pi (n¼ 6) in sc implanted 9L-gliosarcoma (mean�
SEM). SQ and TQF 23Na signal areas and NTP/Pi

baseline levels were normalised to 100. *p	 0.05 versus
pre-HT baseline data.
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maintain the tumour temperature using a feedback

system. However, the use of a thermocouple has

several disadvantages. It allows temperature mea-

surements from only one region in the tissue, and

insertion of the probe into tissue alters the physiology

and thermal characteristics of the tissue. In addition,

if proper care is not taken, the metallic conductors of

a thermocouple can interfere with MR data collec-

tion, and the presence of a strong RF field in pulse

spectroscopy could alter the output of the invasive

temperature monitoring device. The proposed use of

TmDOTA� as an MR thermometer during RF HT

does not suffer from these disadvantages.

More recently, Bezabeh et al. [5] implemented a

dual antenna-coil methodology to administer

‘in-magnet’ RF HT with a separate 4 MHz RF

amplifier and simultaneously collected 31P MR spec-

tra during HT treatment. A number of precautions

such as band-pass filters and orthogonal RF coil

arrangements were necessary to avoid interference

between RF heating and MR data collection. In

addition, FOPs were inserted in the sc-implanted

tumour to monitor tumour temperature and control

the RF power for heating with a feedback mechanism.

The use of an MR system for simultaneously

administering controlled HT and collecting temper-

ature and metabolic data developed here is an ideal

set-up for sc-implanted tumours in rats and mice.

Since RF for both heating and MR experiments are

controlled by the same computer, they can be easily

synchronised to avoid interference from each other

and to deliver controlled HT. The PID controller

used in the present study was able to achieve and

maintain the desired tumour temperature within

�0.2�C during RF HT without the use of any

additional electronics. Such a tight control over the

temperature was achieved by optimising the control-

ler with computer simulations and phantom experi-

ments. Since Kp, Ki and Kd are dependent on each

other, a change in one of these variables affects the

functioning of the others. Our simulation with

different combinations of Kp, Ki and Kd showed

that deviations in the values reported resulted in a

longer rise-time (greater than 15–20 min), larger

overshoot (greater than 1 or 2�C) and/or more

steady-state errors. Optimisation of Kp aided in

reducing both the rise-time and steady-state errors

but did not eliminate them. Optimisation of Kd had

the greatest effect on increasing the stability of the

system by reducing the overshoot, allowing for a very

short settling time and almost eliminating the

steady-state errors. The integral constant was set to

zero because a positive value for the constant

produced a large overshoot (5–10�C) and a longer

settling time. The rise time of the PID controller

could be further reduced by using a higher maximum

RF power level. The present study used a maximum

of �20 W power to avoid damage to the RF coil.

Even though the PID controller coefficients were

optimised using Matlab simulation with the first

order model for the phantom, the controller was still

able to perform well on the sc-implanted tumours in

rats without any changes needed to the PID

coefficients. This shows that the PID controller is

robust and is able to account for any model

deviations from the ideal phantom such as animal

tumours, which will typically have differences in

mass, perfusion, and conductive properties, etc.

The tumour temperature was monitored from the
1H frequency shift of TmDOTA�, which is 35 times

more sensitive to temperature (temperature

co-efficient (CT)¼ 0.35 ppm/�C) than the intrinsic

water 1H signal (CT¼ 0.01 ppm/�C) [31]. 1H chem-

ical shift of TmDOTA� is �100 ppm to lower

frequency for the 1H resonance of water, allowing

selective excitation of the complex with the CHESS

water suppression technique. Moreover, the temper-

ature dependence of 1H shift of this complex is

insensitive to tissue pH, calcium ion concentration, or

other macromolecules and ions [16]. All the animals

in the study tolerated the injected 3–4 mL solution

containing 100 mM TmDOTA� well and did not

show any acute adverse effects. Normal breathing

patterns were observed before, during and after the

injection of TmDOTA�. The long-term effects of

TmDOTA� on renal function or other measures of

toxicity were not evaluated in the present study but

the behaviour of TmDOTA� is expected to be similar

to that of GdDOTA� because of the close chemical

relationship between the two complexes [17]. Use of

TmDOTA� in combination with water signal allows

for in vivo absolute temperature measurements which

is not possible with water signal alone [32]. These

characteristics make TmDOTA� a suitable

non-invasive probe for in vivo monitoring of tumour

temperature during HT treatment.

The 1H line-width of TmDOTA� signal increased

from 450–475 Hz at baseline to �650 Hz when the

tumour first achieved an average temperature of

45�C. The line width reduced to �535 Hz at the end

of HT and then returned to �450 Hz when the

tumour temperature returned to the baseline value. If

we assume that these changes in 1H line width are

dominated by the spatial temperature distribution,

then the 200 Hz increase in the line width when the

tumour first achieved 45�C, corresponds to a tumour

temperature heterogeneity of �1.4�C. Thus, the

slotted tube resonator produced relatively homoge-

neous RF heating despite the possible variations in

the perfusion and ionic conductivity within the

tumour.

In vivo 23Na and 31P MRS measurements were

performed in this study to monitor the therapy

responses of the tumour during HT treatment.
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Monitoring the biological response of tumours

simultaneously with HT treatment may be more

accurate than temperature measurements alone

because different tumours may have different vulner-

abilities to temperature. For example, it is well

known that tumours are more sensitive to heating in

an acidic environment [33]. Thus, for a given

thermal dose, an acidic tumour would be more

effectively treated than a tumour at a higher pH.

Monitoring the temperature alone in such a case

would be less predictive of therapy response than

monitoring the metabolic response.

A number of reports have proposed that the

plasma membrane is a critical target for

HT-induced cell death [9–11]. Proper functioning

of the plasma membrane with respect to permeability

and transport processes across the membrane is vital

to living cells. Active transport systems create and

maintain ionic gradients. Thus, heat can produce

significant alterations in trans-membrane sodium

and pH gradients [8, 9, 14, 15]. These ion gradients

can also be affected by disruption of cellular energy

metabolism during HT treatment [9, 12].
23Na MRS provides a convenient, relatively sen-

sitive, and non-destructive method for monitoring

Naþt in tissue. However, 23Na signals from Naþi and

Naþe resonate at the same frequency because Naþ

exists in only one chemical form in tissue. This study

used TQF 23Na MRS to monitor changes in Naþi
selectively. The TQF 23Na MRS technique depends

only on the difference in the relaxation properties of

Naþi and Naþe and does not produce any physiolog-

ical perturbation to the biological system. Previous

studies demonstrate that although a significant Naþe
signal contributes to the TQF signal from

9L-gliosarcoma and other tissue, this contribution

is small compared to Naþi signal. In addition TQF

Naþe signal is relatively insensitive to changes in Naþe
content [20]. Thus, the TQF 23Na signal can be used

to monitor changes inNaþi .

The SQ and TQF 23Na MRS data presented here

show that HT induced increases in both Naþt and

Naþi . An increase in Naþt could result from an

increase in rECS and/or an increase in Naþi .

Although, rECS was not measured in the present

study, changes in vascular permeability at 45�C can

cause extracellular oedema and increase rECS [34].

An irreversible increase in Naþi was clearly evident

from the TQF 23Na data. These findings are consis-

tent with the in vitro results obtained with HT on

superfused RIF-1 cells [9]. Exposure to elevated

temperature could increase the fluidity of the plasma

membrane, which in turn could increase the simple

diffusion of Naþ ions into the cells along the

concentration gradient. Temperature could also

alter the activity of ion transport proteins directly

and hence change Naþi . Previous studies have

demonstrated that cytotoxic temperatures inhibit

Naþ/Kþ-adenosine triphosphate(ATP)ase [35].

However, the thermosensitivity of this ion pump

seems to depend on cell type because other studies

showed no impairment [36] or even an increase in

the Naþ-pump activity during HT [10].

In vivo 31P NMR experiments show that HT

produced an irreversible 40% decrease in NTP/Pi at

the end of HT whereas pHi and pHe showed

reversible decreases by �0.2 pH units during HT.

These changes in cellular energy status and pH in

the 9L gliosarcoma model are smaller compared

to that reported for sc-implanted RIF-1 tumours

[5, 12, 13, 15] perhaps because of differences in the

two tumour models. Previous HT studies on

sc-implanted C6 glioma (13) and perfused gliosar-

coma cells (11) also showed small changes in tumour

pH (0.2 units) as reported here. The in vivo C6

glioma study reported that the NTP levels are

decreased 30 minutes, 3 hours and 7 days after HT

treatment but did not provide any quantitative

changes. The HT induced decrease in cellular

energetics in the 9L gliosarcoma in the present

study remained depressed up to 60 minutes after

HT. It is likely that the cellular energetics would

deteriorate further with time, which could explain the

smaller decrease in NTP/Pi reported here compared

to the previous studies in which the 31P MRS

measurements were performed at later times after

HT [5, 12, 13, 15]. The decrease in cellular energy

status with HT could result from heat-induced

vascular damage at 45�C HT, causing a decrease in

tumour oxygen supply and shifting the tumour cell

metabolism from oxidative phosphorylation to glyco-

lysis [37]. A small decrease in oxidative metabolism

can produce a dramatic decrease in cellular NTP

levels because complete oxidation of glucose pro-

duces 38 NTP molecules, while glycolysis only

produces 2 NTP per glucose. The compromised

cellular energy status may be partially responsible for

the observed increase in Naþi from the reduced

activity of energy-requiring Naþ/Kþ - ATPase [9].

An interesting trend was observed in the changes

in tumour pHi and pHe with HT treatment. The

tumour pHi initially decreased but then recovered

with a simultaneous decrease in pHe during the HT

treatment. pHe returned back to its baseline value

after the HT administration. The exact mechanism

of the initial pHi decrease is not clear but it may

result from increased glycolysis and hence lactic acid

production. The recovery of pHi with a simultaneous

decrease in pHe during HT suggests activation of

membrane Hþ transporters to maintain pHi home-

ostasis. Strict regulation of pHi is essential for cellular

metabolism and proliferation. The amiloride sensi-

tive Naþ/Hþ antiporter has been suggested to play

an important role in maintenance of pHi [8, 9].
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Proton removal by the Naþ/Hþ exchanger is driven

by the free energy of the Naþ gradient. It has been

previously shown that in perfused RIF-1 cells,

inhibition of Naþ/Hþ with 5-(N-ethyl-N-isopropyl)

amiloride during HT treatment attenuates the

therapy-induced increase in Naþi [8]. Thus the

observed initial decrease in pHi followed by its

recovery with simultaneous decrease in pHe and the

increase in Naþi during HT may all be interrelated

and demonstrate a mechanism that protects tumour

cells from intracellular acidification.

Among all the NMR parameters monitored with

RF HT treatment, the TQF 23Na signal levels and

the cellular bioenergetic changes measured were the

most sensitive to temperature and did not recover

after HT. It is unlikely that the late increase in Naþi
after HT was caused by an increase in Naþ/Hþ

exchanger activity because both pHi and pHe

returned to the baseline level and the tumour pHi

was neutral (�7 pH units) after HT. The Naþ/Hþ

exchanger has been suggested to be relatively inac-

tive at this pH value [38]. The irreversible increase in

Naþi after HT suggests some permanent changes

or perhaps damage to the plasma membrane during

HT and/or post-HT. The irreversible decrease

in NTP/Pi may be due to increased activity of

Naþ/Kþ ATPase to maintain the transmembrane

Naþ gradient and/or due to dysfunction of cellular

enzymes.

An important issue regarding the application of

HT is the spatial uniformity of heating and therapy

response throughout the tumour. Although imaging

experiments were not performed in the present

study, the feasibility of absolute temperature imaging

with a paramagnetic thulium complex has recently

been demonstrated [32]. The same coil arrangement

could be used to image temperature and map the

metabolic/physiological responses of tumour during

HT treatment; however, such measurements will

have poor temporal resolution. Temperature imaging

with Tm-complexes requires 3–4 minutes in contrast

to only a few seconds for the global tumour temper-

ature measurements by MR spectroscopy techni-

ques. The longer temporal resolution may not be the

limiting factor for imaging temperature during HT

treatment because the tumours are heated for

60–90 min for the treatment. However, the temporal

resolution may not be adequate for controlling the

tumour temperature as precisely as achieved in the

present study. Similarly, imaging of metabolic and

physiological response during HT treatment may be

difficult due to longer data collection time compared

to the spectroscopy measurements, but imaging

measurements can be conducted immediately

before and after the treatment to monitor early

therapy response.
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