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Introduction

Heat-based tumor ablation techniques using thermal energy 
sources such as radiofrequency, microwave, high intensity 
focused ultrasound (HIFU) and laser have received much 
attention as minimally invasive strategies for the treatment 
of malignant and benign tumors in a variety of organs. 
Potential benefits of these therapies include the ability to 
treat tumors focally on non-surgical patients, potential to 
perform on an outpatient basis and reduced morbidity as 
compared to surgery. For decades, these methods were 
applied with limited knowledge of thermal distribution and 
deposition in the target area, but rather relied greatly on 
the experience of the surgeon who performed the ablation 
surgery. With a rapid development of image guided thermal 

therapy techniques in recent years, especially magnetic 
resonance imaging (MRI) guided thermal interventional 
surgery techniques, heat-based tumor ablation has 
demonstrated its clinical potential and becomes widely 
accepted as a replacement of traditional surgical ablation. 
The benefit of using MRI on tumor thermal ablation are 
two folds: (I) MRI provides unsurpassed soft tissue contrast 
and detailed three dimensional view at the lesion area for an 
accurate heat source positioning, lesion targeting and tissue 
damage monitoring during surgery, immediately after, and 
long term follow-up; (II) a variety of MR thermometry 
methods are readily available for monitoring thermal 
distribution in real time, thus effectively guides the thermal 
deposition and decreases incidents of normal tissue damage 
around targeted lesion.
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Conventional temperature monitoring techniques in vivo,  
such as fiber optics and thermocouples, are fast in response 
and accurate in temperature measurements. However, 
these techniques are invasive and localized, and produce 
low spatial resolution (1-4). To overcome these limitations, 
MR thermometry has been developed to non-invasively 
measures tissue temperature in a 3D volume with high 
spatial and temporal resolution (5-8). In addition, MR 
thermometry opens up the opportunities of performing 
multi-functional imaging and MR temperature imaging 
(MRTI) guided hyperthermia treatments (6,9). The first 
MR thermometry developed was based on temperature 
dependence of T1 relaxation time constant of water 
molecules (10). Soon after that, MRTI of tissue water 
molecules using diffusion coefficients (11), proton spin 
density (12), proton resonance frequency shift (PRFS) 
(13,14), proton chemical shift (15,16), magnetization 
transfer (17), and temperature sensitive contrast agents (18), 
have been developed. Among these MRTI methods, PRFS 
methods demonstrate the highest sensitivity to temperature 
changes over a broad temperature range and is commonly 
used in regional hyperthermia therapy (19). The accuracy of 
the temperature measurements using MR thermometry is 
comparable to that of the invasive methods (20). However, 
conventional MR thermometry methods, such as PRFS, 
are sensitive to local magnetic susceptibility associated with 
tissue anatomy and interventional medical devices (21-23), 
large fat contents within the region of interest (ROI) (14), 
motion artifacts (5), and magnetic field drift (20). Alternative 
MR thermometry techniques have been developed over 
the last twenty years to exploit MR properties that afford 
high temperature sensitivity and measurement accuracy. 
In addition, MR thermometry techniques also provide a 
means to measure absolute tissue temperature, which is 
essential in some of MRTI applications. One approach is to 
use the spectroscopic imaging technique to obtain absolute 
temperature values by using tissue lipid or brain metabolites 
such as N-Acetyl Aspartate as the internal reference (15). 
In recent development, MR thermometry using water-
fat chemical shift difference has been used to remove 
temperature measurement errors caused by local field 
inhomogeneity (24,25). With these technical improvements, 
MR thermometry has found wide applicat ions in 
medicine, particularly in the areas of MRI guided regional 
hyperthermia treatments (19,26-28).

In this review, the needs for accurate temperature 
monitoring in clinical tumor thermal ablation are 
discussed. Several emerging thermal ablation applications 

are presented. Furthermore, technical aspects of each 
commonly used MR thermometry methods are reviewed. 
The strength and limitations of these methods are also 
discussed.

Overview of imaging-guided tumor thermal 
ablation

There are two categories of thermal therapy depending on 
the treatment scheme. The first type of tumor hyperthermia 
is induced and controlled at ~43–45 ℃ for tens of minutes 
in order to kill tumor cells or enhance the effect of radiation 
therapy (29).The second type is to quickly induce higher 
temperature (50–80 ℃) and maintain at a shorter period 
(normally in the order of several seconds) to rapidly 
coagulate the tissue and ensure tumor tissue necrosis (30). 
The latter is referred to as tumor thermal ablation and is 
more broadly used. Recent development of medical heat 
induction techniques such as interstitial laser therapy 
(ILT), radiofrequency therapy (RF), microwave and high-
intensity focused ultrasound therapy (HIFU) have expedited 
the clinical use of minimally invasive thermal ablation 
techniques on cancer patients (Table 1). However, despite 
the advancement of the tumor ablation techniques, the 
initial efforts suffered greatly from the lack of monitoring 
temperature reliably to guide the surgery and to prevent 
collateral damage to normal tissue surrounding the tumor. 
With the introduction of MRI as a tool to simultaneously 
provide anatomical details of tumor location and monitor 
temperature distribution and heat deposition in the targeted 
tissue, the combined technique has drawn great attention 
in the field of tumor thermal ablation during recent years. 
It is worth to point out that, although cryoablation is 
an important aspect of tumor ablation technique due to 
its unique tissue killing mechanism comparing to other 
thermal ablation techniques mentioned above, it is not 
applicable in the following discussion about thermal  
dosimetry.

Current MR-guided tumor ablation techniques

One of the most commonly used thermal ablation technique 
is called radio frequency ablation (RFA), which makes 
use of high frequency alternating RF current to generate 
heat. Variable dimensions of the RF probes have been 
made to accommodate diverse tumors in various organs. 
RFA procedures can be performed under image guidance, 
such as CT (32) and ultrasound (33), but not MRI due to 
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its interference with MRI detector. Microwave ablation 
is another technique that uses tissue heating to replace 
surgical removal of tumor. By using electromagnetic waves 
in the 300 MHz to 300 GHz range in the microwave 
energy spectrum, specially made microwave antennas 
are positioned near or inside the targeted tumor tissue. 
Comparing to RFA, microwave ablation is reported to 
have larger and more circular ablation zone, better defined 
ablation edge (34), and the advantage of having multiple 
applicators simultaneously for larger tumors (35). 

Among  a l l  the  emerg ing  MR-guided  thermal 
ablation techniques, HIFU and laser-induced thermal 
therapy (LITT) have gained widespread acceptance in 
interventional tumor thermal ablation procedures due 
to their compatibility with MRI. This is because, unlike 
other thermal ablation heat sources, focused ultrasound is a 
noninvasive therapy which does not require contact with the 
targeted focal area. This is especially beneficial to be used 
together with MRI, which leads to artifact-free anatomical 
and thermal imaging. Although requires contact with the 
targeted lesion, laser induced thermal therapy commonly 
uses fiber-optic probe, which does not produce large image 
artifacts caused by electromagnetic interference, as in RFA. 
The feasibility of performing MR guided high intensity 
focused ultrasound (MRgHIFU) and MR guided laser-
induced thermal therapy (MRgLITT) has been established 
and further demonstrated by treating tumors in brain 
(27,36-39), prostate (40,41), and liver (30,42,43).

MRgHIFU

With over half a century of development since the first 
clinical use of HIFU ablation on cancer treatment (44,45), 
this technique has become a relatively mature alternative 
to traditional invasive tumor ablation techniques. HIFU 
allows for noninvasive focal delivery of energy into several 
millimeters of soft tissues beyond the surface (modifying 
and eliminating tissue for therapeutic purposes. However 
tumor targeting and heat monitoring were among the 
several issues in the original design of HIFU ablation 
technique until  the combined use of non-invasive 
temperature and anatomical guidance with MRI. The fast 
development of MRgHIFU in the last decade has enabled 
the wide acceptance of the technique in clinical treatment 
of malignant and benign tumors to the extent that it has 
become a routine operation in some hospitals (30,46). 

The first clinical feasibility study of MRgHIFU study was 
reported by Hynynen et al. on benign breast fibroadenomas 
patients (47). A clinical MRI compatible ultrasound surgery 
system (GE Medical Systems) was used with a half-intensity 
ultrasound beam diameter and length of 1.0 and 4.8 mm 
respectively. The MR imaging was performed not only 
during each tumor ablation to localize heat distribution, but 
also after treatment in order to verify tissue viability and 
monitor long term effect. The strategy to ablate the whole 
tumor tissue was to heat a small region of tissue sequentially 
with an acoustic power of 28–50 W for 10 s in 50 s intervals. 

Table 1 Comparison of various ablation techniques (31)

Type of ablation Mechanism Advantages Disadvantages

Cryoablation Killing tumor tissue by cooling 
and reheating (Freeze-thaw cycle)

Less pain; can create large lesion and is 
effective in multiple lobes of tumors

Significantly affected by blood flow; 
high complication rate

Ultrasound Heating generated by focusing 
low energy ultrasound beams 
from multiple sources

Compatible with MRI. Ability to focus the area 
of treatment without direct contact. Good depth 
of penetration. Fast development of image-
guided high intensity focused ultrasound (HIFU) 
applications

Requires general anesthetic. Not small 
enough for use in catheters. Ablation 
time is long. Cannot be directed 
through air-filled viscera such as  
the lung

Radiofrequency Resistive heating by alternating 
radiofrequency electrical current 

Widely available. Simple design and proven 
effectiveness. Ability to treat different tumor 
types

Direct contact with object required. 
Incomplete ablation near blood vessels 
due to heat removal by blood flow

Microwaves Heating by propagating 
electromagnetic waves

High temperature available. Capable of forming 
large lesions in the presence of blood perfusion

Complications include pleural effusion, 
hemorrhage, and abscess

Laser Laser light induced heating using 
different wavelengths

Fully compatible with MRI. Can deliver 
controlled low energy through various fiber 
configurations to achieve thin, continuous 
lesions

Expensive equipment. Small ablation 
zone. Tissue charring around the tip of 
the fiber
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The individual ablations were closely packed with an 
average focal distance of 2.8 mm. The author estimated the 
time needed for the treatment of a 2-cm lesion was about  
2 hours. The choice of reducing the heat exposure time to 
10 s is to minimize the effect of local blood perfusion, which 
may confound heat buildup in each application of acoustic 
ablation and prevent obtaining a homogenous coagulation 
of tumor tissue (see Figure 1). Such a strategy is widely 
accepted and further improved with a more complicated 
spatial pattern such as continuous sonication with spiral 
trajectory of the focal point (48-50). In a similar approach, 
MRgHIFU is also applied on treatment of uterine fibroids. 
The first and only FDA-approved MR guided ultrasound 
device to treat uterine fibroids is the Exablate 2000 system 
(InSightec, Haifa, Israel), which was introduced in 2004. 
The technique is to reduce the fibroids mass volume by 
thermal ablation and to induce large nonperfused areas with 
the aim of fibroids shrinkage (51,52). 

MRgLITT

LITT, or sometimes referred as ILT is a procedure for 
destroying tumor tissue using heat generated by laser light 
absorption at certain wavelength. The laser radiation is 
delivered directly to the target tissue via an optical fiber. 
The distal fiber end is usually equipped with a specially 
designed tip, which is positioned in the center of the tumor 
area. Due to high temperature induced by laser light, the 
technique normally involves placing a water or saline-
cooled catheter into the lesion area so that both the tip of 
the fiber-optic cable and heating region of the tissue can be 

continuously flushed to prevent overheating. Comparing 
to other thermal ablation techniques, LITT may exhibit a 
more precise energy deposition and thus a better-defined 
boundary of the thermal ablation zone due to the smaller 
heating tip. In addition, LITT is highly compatible 
with MRI. Functioning similarly as in MRgHIFU, MR 
anatomical imaging and thermal imaging in MRgLITT 
can be used to aid tumor localization, probe positioning, 
monitoring of the thermal ablation zone, as well as post-
treatment verification of tumor coagulation area and 
follow-up. LITT was investigated for treatment of cerebral 
neoplasms as early as the 90s (53), but real-time imaging 
was not performed at that time. Subsequently, LITT has 
been applied on brain tumor patients with simultaneous 
T1-weighted MRI, which allowed qualitative but not 
quantitative visualization of laser heating (54,55), and has 
been investigated for palliative treatment of high-grade 
gliomas (37). More recently, proton resonance shift (PRS) 
based MR thermal imaging has been applied in MRgLITT 
and further used for treatment of primary brain tumors 
(36,38,56). These clinical trials have focused on metastatic 
tumors of extracerebral origin because such tumors are 
excellent candidates for complete ablation by a single 
intracranial laser treatment. Currently, there are two FDA-
approved commercially available LITT thermal ablation 
systems in the market. The first one is Visualase Thermal 
Therapy System (Visualase, Inc., Houston, TX, acquired by 
Medtronic in 2014) which uses 15W, 980-nm diode laser 
and combined with water cooled laser applicator system. 
The other one is the NeuroBlate System, formerly known as 
the AutoLITT System (Monteris Medical, Inc., Plymouth, 
MN) which uses 1,064-nm wavelength (e.g., Nd:YAG or 
tuned diode laser) combined with CO2 cooling. A phase 
I trial on the feasibility of using Visualase MR-guided 
LITT device on low-risk prostate cancer has been reported  
(Figure 2) (57). Recently, MRI-guided laser interstitial 
thermal therapy for the treatment of low-grade gliomas in 
children using both systems have been reviewed (58). 

Challenges in MRI guided thermal ablation 

As previous mentioned, thermal ablation benefits from 
imaging guidance not only because it provides detailed 
anatomical information before and after surgery, but also 
the accurate temperature monitoring and thus possible on-
the-fly thermal dose calculation and regulation. 

Even though there are different methods used for 
temperature mapping by MRI (6,7,59), almost all clinical 
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Figure 1 Graph shows mean temperature elevation as a function 
of time of the hottest voxel, as measured by MR imaging-derived 
thermometry. The temperature increase was 17.5–45.2 ℃. Heating 
exposure time was 10 s. A total of 71 sonications in three planes 
were delivered to a breast fibroadenoma (47). 
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and research studies currently use temperature dependent 
PRFS (13,22,60) as a measure of temperature elevation, due 
to its simplicity as well as relatively high spatial and temporal 
resolution. With fast development of MR thermometry 
methods, many novel and advanced sequences have been 
developed in recent years. Some of them have claimed to 
have overcome issues like motion and susceptibility artifacts. 
Thus, it is timely to review these methods and assess the pros 
and cons of the different strategy of MR thermometry as we 
are seeking for the next preferred method for MRI guided 
thermal ablation. 

In the following discussion, we’ll start with the 
importance of controlling the temperature in heat-based 
tumor cell killing (tumor thermal dosimetry) and then 
go over a gallery of currently available MR thermometry 
methods. Advantages and disadvantages of each method will 

also be discussed in the end. 

Tumor thermal dosimetry

The control of the heat deposition is an important aspect 
of thermal treatment of tumors. With the convenience of 
obtaining tissue temperature non-invasively using MRI, real 
time thermal dose can be monitored and regulated. The 
relationship between temperature (T) and cell death rate 
has been empirically derived from cell culture experiment 
and approved to also apply for in vivo systems (61). Figure 3  
depicts cell survival response to heat for human cells as 
well as comparing to both pig and mouse. These studies 
show that the rate of cell killing during exposure to heat is 
exponential and dependent on the temperature as well as the 
time during the exposure. The relationship of heat induced 

A B

C D

Figure 2 MR Images of a 55-year-old man with biopsy-proved prostate cancer with Gleason score of 6 in a single core from left lateral base 
of peripheral zone of prostate (57). (A) T2-weighted axial fast spin-echo image through prostate base shows focal hypointense area within 
left peripheral zone anterior, which is indicative of cancer. (B) Apparent diffusion coefficient map through same level shows a concordant 
focal area of low signal intensity (arrow). (C) MR image demonstrates how prostate cancer is targeted with transperineal grid and software. 
Green circle (arrow) indicates appropriate hole for insertion of trochar. After a test dose of laser energy, which was sufficient to cause 
detectable thermal change but insufficient to cause injury, an axial image plane was used to visualize thermal changes and damage estimates 
during treatment. (D) MR thermography image shows increased temperature in target areas (circled), which are updated every 3–5 s. Black 
pixels in heated region likely indicate artifacts.



361Quantitative Imaging in Medicine and Surgery, Vol 7, No 3 June 2017

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2017;7(3):356-368qims.amegroups.com

cell inactivation rate and temperature can be described by 
Arrhenius Equation and can be expressed as following:

- /a gE R Tk e=
 

[1]

where k is the rate of heat induced cell death, Ea is the 
activation energy, and Rg is the universal gas constant. 
The relationship has led to several different methods for 
normalizing time-temperature data to a common unit that 
would allow for comparison of different heating regimes. 
Sapareto and Dewey (61) proposed a simple method called 
“thermal isoeffective dose” for this purpose.. It describes 
heat exposure time (t) and temperature (T) correlation for 
two equivalent thermal doses during treatment of tumor:

( )1 2
1 2

T Tt t R −=
 

[2]

where constant R can be either 0.5 (when T ≥43 ℃) or 0.25 
(when T <43 ℃). The equation describes that applying heat 
to maintain a tissue temperature of 43 ℃ for 240 min has 
equivalent treatment effect as heating the tissue at 60 ℃ for 
0.1 s. This is particularly important for clinical applications 
of thermal ablation, since temperatures during heating are 
typically spatially non-homogenous and varies temporally 
during heating and cooling. Thus, with adequate spatial 
and temporal resolution, a well-designed MRI temperature 
mapping technique can be used to adjust the power of heat 
source so that the thermal dose can be carefully controlled. 
With the help of online thermal data analysis and 
simultaneous dose calculation, a close-loop thermal ablation 
system can be designed for automated dose control during 

tumor thermal ablation (14). 
One must also pay close attention to the maximum 

temperature allowed for heating targeted tumor tissue. 
With tissue heating close to or above 100 ℃, water boiling 
may occur, thus unwanted air bubble can be generated 
to complicate the tumor thermal treatment (59). For 
example, uncontrolled heat conduction change due to air 
bubble in targeted area may induce an over-estimation 
of thermal dosage in the area, leading to an incomplete 
thermal ablation. At the same time, disturbance in the 
local susceptibility at air-tissue interface may have severe 
effect on local phase, thus invalidate the PRFS based MR 
thermometry methods around the bubble area. 

MR thermometry methods

In vivo MR thermometry methods can be classified 
into two categories. One is to measure the temperature 
change relative to a reference temperature. In the regional 
hyperthermia treatment, a reference temperature image 
is acquired before the interventional treatment is applied 
to the ROI. Thus tissue temperature changes induced by 
MR parameter changes are extracted from the MR images 
collected before and during treatment. Another category 
involves monitoring tissue temperatures in absolute scales 
using internal reference signals, such as lipid signal which 
is independent of temperature change. In the following 
section, both categories of MR thermometry methods and 
the related applications are discussed.
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Figure 3 The response of human and animal cells to temperature. (A) Survival of a human melanoma cells, heated over a temperature range 
of 42–45 ℃. (B) Time to reach epidermal necrosis as a function of temperature for mouse, human and pig skin over a temperature range of 
42–60 ℃. Note that the thermal sensitivities of pig and human skin are virtually identical and both appear to be more resistant to thermal 
damage than mouse skin (62).
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Relative temperature measurements 

Water proton density, T1, T2, diffusion coefficient, 
magnetization transfer, and PRFS are correlated with 
temperature changes, and all can be used for relative 
temperature measurement. These methods have been 
extensively studied and thoroughly reviewed in other 
publications. Table 2 summarized all the MR based relative 
temperature measurement methods as well as their 
advantages and disadvantages.

Absolute temperature measurements 

Currently PRFS method is the most widely used thermometry 
method in the clinic because it has high temporal and spatial 
resolutions, is insensitive to tumor tissue type (non-fatty 
tissue) and can be integrated with MR compatible heating 
devices. However, the PRFS method measures only relative 
temperature changes instead of absolute temperature. 

Although generally more complicated and time consuming, 
there are other MR based thermometry methods that can be 
used for absolute temperature quantification. 

Proton frequency referenced by lipid or NAA in 
magnetic resonance spectroscopy (MRS)

In many cases, measuring absolute temperature is more 
desirable than measuring relative temperature change. 
Several MRS based methods have been developed to 
directly measure absolute temperature. These methods are 
different from the basic PRFS by the fact that an internal 
reference is used to eliminate possible field related artifacts. 
Fat (15,70) and brain metabolite (16,24,71-73) peaks are 
often chosen as the temperature independent references, 
depending on the ROI (around tumor tissue or inside the 
brain). The feasibility of the MRS based MR thermometry 
method has been validated in several early publications over 

Table 2 Summary of MR-based techniques for measuring relative temperature

Method Principle Advantages Disadvantages References

T1 relaxation 
time constant

As temperature increases, the 
motion rate increases, resulting 
in a greater exchange rate 
between water molecules. Relative 
temperature is measured using:  
∆T = c∆T1

Readily available imaging 
sequences

Low temperature sensitivity (1%/℃); other 
factors can change T1; the apparent T1 
relaxation time constant is the weighted 
average of T1s of water molecules in 
tissue microstructures. This could cause a 
nonlinear dependence of T1 on temperature

(63)

T2 relaxation 
time constant

A linear relationship between T2 and 
temperature (T) exists for the free 
water model

Can be used for adipose 
tissues; higher sensitivity 
than T1 (10%/℃)

More difficult to measure than T1 due to 
shorter T2 values; irreversible T2w signal 
change at high tissue temperature due to 
tissue damage.

(17,63,64)

Diffusion 
coefficient (D)

The diffusion coefficient (D) is 
linearly related to the temperature 
through a Strokes-Einstein equation

Readily available imaging 
sequences

Low temperature sensitivity (2%/℃); other 
factors can change diffusion coefficient (D)

(19,65) 

Proton density 
(PD)

Water proton density is inversely 
proportional to the tissue 
temperature

Independent of tissue type; 
readily available imaging 
sequences

Very low temperature sensitivity (0.29%/℃) (66)

Magnetization 
transfer (MT)

The signal intensity, magnetization 
transfer ratio ((M0-MT)/M0) 
correlates non-linearly with tissue 
temperature

Can be used together with 
other MT applications

Quantitative relationship between MT 
signal intensity and the chemical exchange 
rate as a function of temperature has not 
been reported; non-linear function of tissue 
temperature; Tissue-type dependent.

(67-69)

Proton 
resonance 
frequency shift 
(PRFS)

Water hydrogen bond disruption 
at elevated temperature results 
in increased shielding constant, 
and thus decreased chemical shift 
(frequency) for water protons

Fast temperature mapping 
techniques readily 
available; linear function 
of tissue temperature; 
independent of tissue type 
(non-fat tissue)

Cannot be applied for fat tissue; relatively 
low temperature sensitivity (0.01 ppm/℃)

(13,22,60)
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two decades ago when the technique was first invented to 
help neuroscientists to quantify brain temperature (71,72). 
The advantages of the technique are three folds. Firstly, 
since both water and metabolites experience the same 
field within each voxel (for example, in single voxel MR 
spectroscopy), the phase shift due to inhomogeneities cause 
by shimming and B0 field drift during scan can be largely 
eliminated through deduction of reference frequency from 
the water peak. Secondly, the correlation of frequency 
difference of water (or metabolites) and temperature has 
been found to be independent of tissue types, protein 
content ratio, or pH in physiological range. Thirdly, 
metabolites are widely distributed in the targeted tissue 
(N-Acetylaspartate, NAA in brain or lipid in tumor tissue). 
The correlation of temperature and water – NAA (or lipid) 
frequency difference does not depend on pH in the range 
of 5.5 to 7.6 (74). In addition, change of this correlation 
is insignificant when protein level is between 80 and  
100 mg/mL (72). This MR thermometry method largely 
eliminates field drift or non-uniform field distribution 
by using the internal reference. Magnetic resonance 
spectroscopic imaging (MRSI), or sometimes referred to 
as chemical shift imaging (CSI) of temperature mapping 
has been further developed after the success of the single 
voxel MRS absolute temperature quantification technique 
(15,16,24,75). 

Although these MR spectroscopy methods have 
demonstrated promising potential for accurate mapping 
of absolute temperature in biological systems, they 
unfortunately still have many disadvantages preventing 
their use in real time temperature monitoring: (I) relatively 
long acquisition time (typically on the order of a couple 
of minutes), thus low temporal resolution and poor spatial 
resolution comparing to other thermal imaging methods; 
(II) highly dependent on a homogeneous magnetic field 
to obtain accurate frequency measurement; (III) rely on 
accurate measurement of low concentration metabolites, 
thus, not applicable under some pathological conditions 
(e.g., tumor necrosis). Some of these limitations have been 
mitigated by new imaging strategies such as fast MRSI 
methods using echo-planar spectroscopic imaging (15). 
However, further development of the method is needed to 
reach clinical implementation of the technique.

Temperature mapping using water-fat proton 
chemical shift difference

Besides spectroscopy methods, absolute temperature 

mapping techniques using imaging approach were also 
developed. For internal reference, such as the fat proton 
frequency, the water proton chemical shift as a function of 
temperature is as follows (16):

( ) ( ) 610ff ww T Tδ σ= −∆ ×
 

[3]

where δwf is the water proton chemical shift in ppm 
referenced to that of the fat protons, ∆σwf is the shielding 
constant difference between water and fat protons, 
whereas the temperature dependence of ∆σwf comes from 
the water protons. For external reference using water 
proton resonance frequency at a reference temperature, 
the chemical shift of water protons at specific temperature 
is a function of shielding constant and volume magnetic 
susceptibility at that temperature (16). That is,

( ) ( ) ( ) 610ww T T s Tδ σ χ= −∆ + ∆ ×    
[4]

where δw is the chemical shift of water protons in ppm, 
∆w is the shielding constant change relative to that of the 
reference temperature, s is a factor related to the shape 
of the object, and ∆χ is the volume susceptibility change 
relative to that of the reference temperature.

A chemical shift selective phase mapping method was 
developed to enhance the temporal resolution (25). In 
this method, two sets of images were collected at each 
temperature point using a 2D gradient echo sequence. In 
one set of images, water signal was selectively suppressed 
while the fat signal was acquired. In another set of images, 
the reverse order was performed. The phase difference 
between the water and fat signals can be calculated from 
the complex signals of the two sets of images, and is related 
to the temperature sensitivity through the chemical shift 
difference between fat and water protons as follows:
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 [5]

where Sw and Sf are complex signals of water and fat protons 
with the corresponding real and imaginary parts of Re[ ], 
and Im[ ], respectively, ωRF is the angular RF frequency, 
and TE is the echo time. This method has about the same 
temperature coefficient (0.01 ppm/℃) as that of the CSI 
method but much higher temporal resolution (~18 s). In 
addition, this method is insensitive to motion-induced 
susceptibility changes using the fat signal as the internal 
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reference.

Temperature sensitive MRI contrast agents

In comparison to the PRFS method, temperature mapping 
using the temperature-sensitive contrast agents offers 
about ten times greater sensitivity and possibility of 
obtaining absolute temperature measurements, although 
it suffers major disadvantages such as low signal intensity 
and requirement of contrast agent injection. Temperature 
measurements using paramagnetic chemical exchange 
saturation transfer (PARACEST) methods are based on the 
temperature modulation of the signal intensity or chemical 
shift of paramagnetic contrast agents (18). The chemical 
exchange rate (ka) dependence on temperature follows 
Arrhenius equation {Eq. [1]}. Experimental results showed 
that a linear relationship exists between chemical shift (δ) 
and temperature over a small range (20–50 ℃) (76). That is,

δ = αT + β [6]

where α is the temperature coefficient and β is a constant 
which may depend on other physical parameters such 
as pH. Experimentally, 1H signal from the temperature-
sensing contrast agents can be directly observed using 
selective excitation because of the larger chemical shift 
separation (>200 ppm) relative to that of the bulk water 
signal. Alternatively, temperature measurement can also be 
achieved by saturating the 1H signals in the PARACEST 
agent and then measuring the attenuated bulk water 1H 
signal, similar to the MT technique used for endogenous 
contrast agents. By substituting the measured chemical 
shift into Eq. [6], absolute temperature in the ROI can be 
obtained.

Commonly used contrast agents are Lanthanide 
complexes, such as complexes of Pr3+, Yb3+, T3+, Dy3+, and 
Tm3+. Among them, Tm3+ complexes are the most favorable 
ones. In particular, TmDOTP5– was used for in vivo  
temperature measurements at 4.7 T for both 1H and 31P 
nuclei over a temperature range of 25 to 32 ℃ (76). The 
measured temperature sensitivity was found to be 0.89 and 
2.18 ppm/℃ for 1H and 31P chemical shifts in TmDOTP5–, 
respectively. The compound is stable over a temperature 
range of 4 to 50 ℃. However, TmDOTP5– is sensitive to pH 
and Ca2+ in the tissue, causing temperature measurements 
inaccurate in the presence of these two interfering sources. 
To alleviate this problem, improved temperature-sensing 
lanthanide contrast agents were developed. The typical 

one is TmDOTA-, which is insensitive to pH and Ca2+ 
interference and safe for in vivo applications while retaining 
the high temperature sensitivity (77).

The toxicity of TmDOTA– is believed to be close to that 
of the GdDOTA– because of the similarity in molecular 
structure between the two compounds (77). For animal 
experiments, a dose of 1–2 mmoL/kg is normally used (78).

Another improved Tm3+ Lanthanide temperature 
sensing agent, TmDOTMA- was developed to afford 
narrower linewidth than that of TmDOTA- in addition to 
insensitivity to pH, Ca2+, agent concentration, and other 
ions and macromolecules. The accuracy of temperature 
measurements achieved using TmDOTMA- in phantom and 
animals are 0.1 and 0.3 ℃, respectively. The TmDOTMA– 
concentration used for in vivo experiments should be about 
1 mmol/kg (79). Combined improved MR spectroscopy 
imaging methods with TmDOTMA–, in vivo temperature 
distribution in rat brain has been reported (Figure 4) (80). 

Conclusions

As discussed above, MRI provides multiple temperature 
dependent parameters for thermal imaging, such as signal 
intensity, T1, T2, diffusion coefficient, magnetization 
transfer, PRFS (including phase imaging and spectroscopy) 
as well as frequency shift of temperature sensitive 
contrast agents. Although the issue with motion has been 
explored and new strategies have been proposed in several 
publications using a respiration triggered sequence (81,82), 
applying navigator echoes (83), or both (84), the results 
are still not ideal for patients with irregular breath and 
under situation when tumor tissues undergo irreversible 
shape transformation (for example, denature of protein 
after heating). Due to the fact that absolute temperature 
mapping techniques, including both spectroscopic imaging 
using metabolites as a reference and phase imaging using fat 
as a reference, are immune to susceptibility effects and are 
not dependent on phase differences, they are intrinsically 
more reliable than relative temperature measurement by 
phase mapping methods. With the development of new MR 
sequences, the low temporal and spatial resolution could be 
overcome and these methods may be preferred for future 
MR-guided thermal ablation systems. However, as of today, 
the most popular MR thermal imaging method applied 
in tumor thermal ablation surgery is still PRFS based 
phase mapping technique, which only provides relative 
temperature change and is prone to motion artifacts.
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