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Abstract

There is growing interest in performing hyperthermia treatments with clinical MRI-guided high-

intensity focused ultrasound (MR-HIFU) therapy systems designed for tissue ablation. During 

hyperthermia treatment, however, due to the narrow therapeutic window (41–45°C), careful 

evaluation of the accuracy of PRF shift MR thermometry for these types of exposures is required.

Purpose—The purpose of this study was to evaluate the accuracy of MR thermometry using a 

clinical MR-HIFU system equipped with hyperthermia treatment algorithm.

Methods—Mild heating was performed in a tissue-mimicking phantom with implanted 

temperature sensors using the clinical MR-HIFU system. The influence of image-acquisition 

settings and post-acquisition correction algorithms on the accuracy of temperature measurements 

was investigated. The ability to achieve uniform heating for up to 40 minutes was evaluated in 

rabbit experiments.

Results—Automatic center-frequency adjustments prior to image-acquisition corrected the 

image-shifts on the order of 0.1 mm/min. Zero and first order phase variations were observed over 

time, supporting the use of a combined drift correction algorithm. The temperature accuracy 

achieved using both center-frequency adjustment and the combined drift correction algorithm was 

0.57 ± 0.58 °C in heated region and 0.54 ± 0.42 °C in unheated region.

Conclusion—Accurate temperature monitoring of hyperthermia exposures using PRF shift MR 

thermometry is possible through careful implementation of image-acquisition settings and drift 

correction algorithms. For the evaluated clinical MR-HIFU system, center-frequency adjustment 

eliminated image-shifts, and a combined drift correction algorithm achieved temperature 
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measurements with an acceptable accuracy for monitoring and controlling hyperthermia 

exposures.
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Introduction

High-intensity focused ultrasound guided by magnetic resonance temperature mapping 

(MR-HIFU) is a noninvasive method for thermal therapy [1–3] which can achieve precise 

localization and control of heating within the body for the applications of mild hyperthermia 

or tissue ablation. Clinical MR-HIFU systems have been developed for treatment of uterine 

fibroids [4–6], bone metastases [7–9], essential tremor [10,11], localized breast cancer [12–

14], and prostate cancer [15–18]. These systems are designed to generate irreversible 

thermal coagulation in the target tissue as the therapeutic endpoint. During the delivery of 

ultrasound energy, MR thermometry is used to monitor (and in some cases control) the level 

of heating at the target site and surrounding sensitive tissues during a series of short 

exposures. MR-HIFU systems are also being developed or adapted to perform mild 

hyperthermia [19–23]. For this application, the aim is to heat a larger tissue volume (many 

cm3) in the range of 41–45°C for durations ranging from a few minutes up to an hour. This 

extended period of mild heating can be cytotoxic on its own [24], can sensitize tissues to 

radiation [25,26] or chemotherapy [27] and can also be used as a means of triggering the 

local release of drugs from temperature-sensitive carriers [28–34].

From a technical perspective, delivery of mild hyperthermia in the body is very challenging. 

Since temperatures within a very narrow window must be maintained for up to 1 hour, 

accurate temperature feedback from the heated volume is critical to compensate for changes 

in the heating pattern arising from variations in blood flow and energy absorption that occur 

during treatment. The proton resonant frequency shift (PRF shift) [35,36] method of MR 

thermometry is commonly used to measure tissue temperature during ablative MR-HIFU 

treatments. Using clinical imaging systems, temperature precision on the order of 1–2°C is 

achieved in various tissue types with a temporal resolution of a few seconds, a spatial 

resolution of a few mm [37–40], in multiple image planes providing volumetric feedback in 

and around the target volume. These sequences are typically acquired for less than 1–2 

minutes during individual ablative exposures [4]. In contrast, for mild hyperthermia an 

accuracy of <1°C is desirable since the therapeutic window is so narrow, and the precision as 

well as the stability of the measurement must be maintained for durations ranging from 10 

minutes to 1 hour. Aside from subject motion, important considerations are the image shift 

caused by gradual fluctuations of the center frequency of the MR scanner due to 

environmental changes (magnetic field drift), and dynamic temporal and spatial fluctuations 

of magnetic field due to heating of magnet components during scanning. These magnetic 

field fluctuations cause errors in MR temperature measurements which can accumulate over 

time.
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The objective of this study is to evaluate the accuracy of PRF shift MR thermometry over the 

time periods required for mild hyperthermia, and to develop appropriate strategies for 

accurate tissue temperature measurements using this method with a clinical MR-HIFU 

system. A series of experiments in phantoms are described that evaluate the influence of 

environmental parameters and correction strategies on MR temperature measurement 

accuracy. A proposed strategy is evaluated in preclinical studies in a rabbit model during 

long-duration mild hyperthermia exposures (10–40 minutes).

PRF shift MR thermometry and drift correction strategies

In PRF shift MR thermometry, temperature maps are calculated from changes in the phase 

of gradient echo images caused by the temperature-dependent change in resonance 

frequency. In a simple scenario, temporal changes in phase due to heating are separated from 

static spatial phase variations due to B0 inhomogeneities that exist before heating, by 

subtracting a reference image acquired before heating started. This results in the calculation 

of a change in temperature ΔT:

(1)

where ∅(T) is the current phase map, ∅(T0) is the reference phase map, γ is the 

gyromagnetic ratio, α is the temperature sensitivity of the PRF shift, B0 is the main 

magnetic field strength and TE is the echo time. When temperature mapping data is acquired 

in multiple image planes, the set of images from all planes acquired at one time step is 

referred to as a dynamic.

However, there are multiple sources of temperature-independent phase drift can violate the 

assumption that only temperature changes account for the phase changes between different 

time points or spatial locations. These include gradient heating of passive shims [41,42], 

variations in electrical conductivity [43], temperature dependent changes in magnetic 

susceptibility [35,44], and time-varying magnetic susceptibility disturbances caused by 

devices [45,46] or patient motion [47–49]. Others have shown that these sources can result 

in typical rates of B0 drift ranging from 0.01 to 0.06 ppm/min [50,51]. When converted to 

temperature using Equation 1 with typical parameters of α = 0.0094 ppm/°C, B0 = 3 T, and 

TE = 16 ms, the resulting phase errors are 0.1 to 0.8 rad/min, or an apparent temperature 

change of up to 7 °C/min. These errors accumulate further over several minutes of scanning, 

necessitating the use of drift correction algorithms to recover the true temperature change. 

Large phase changes can be caused by patient motion (rapid local changes of more than 2.5 

ppm [52]), which can produce a phase error of more than 32 rad (or a temperature change of 

more than 265 °C). However, only small and gradual changes induced by the phase drift will 

be covered in this study since these are more difficult to detect and separate from the heating 

occurring due to hyperthermia.

Drift correction can be applied either before image acquisition, before reconstruction [53], 

or to the reconstructed image [54]. While many variations and potential combinations exist 

for drift correction, a primary motivation in evaluating the combinations described in this 
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study was for the purpose of validating the accuracy of an algorithm implemented in 

research software on the Philips Sonalleve® MR-HIFU system for performing mild 

hyperthermia treatments with a Philips 3.0T MR scanner (Ingenia, Philips Healthcare, 

Vantaa, Finland).

Prospective correction

In addition to errors in temperature measurement, the phase offsets in k-space data translate 

into spatial shifts in the images after performing the inverse Fourier transform. A prospective 

method to correct for this spatial shift artefact before post-reconstruction drift correction 

involves measuring and adjusting the center frequency before each scan [55]. This type of 

correction is referred to as F0 dynamic stabilization (DS) on the MR scanner utilized in this 

study (Ingenia 3T, Philips Healthcare). This feature is user-selectable for dynamic 

acquisitions on 3T Philips MR scanners, but might require customized sequence 

development on other magnet platforms. With DS enabled, phase shift with respect to the 

initial resonance frequency is calculated from a small flip-angle, 3-echo acquisition inserted 

at the beginning of each dynamic [56]. This method also has the effect of counteracting 

global drift of the B0 field. Here, the impact of DS on the accuracy of MR thermometry is 

evaluated.

Retrospective correction

In clinical MR thermometry, phase drift correction is most often done in image space after 

reconstruction of magnitude and phase images of each dynamic in a time series [37,38,57]. 

For MR-HIFU therapy, reconstruction, correction, and display all need to be done in real-

time. Phase drift can be measured within an image ROI that remains at a fixed temperature 

[58]. The simplest correction to apply across the image is a subtraction of the average 

change measured in this ROI. This is referred to as a DC or zero order drift correction, and is 

usually sufficient for the short-duration heating encountered in MR-HIFU ablation. 

However, over a longer time period of minutes, additional spatially-varying changes in the 

background phase accumulate across the image. These components of the phase drift can be 

described by first and second order polynomial functions, fitted over large or multiple ROIs 

[50,54,59]. Fitting of background phase can be performed separately for the 2D data from 

each image, or on the combined 3D data from all images acquired in one dynamic.

Description of proposed drift correction strategy

The drift correction strategy evaluated in this study includes two forms of prospective drift 

correction (DS and pre-scan imaging), followed by a retrospective drift correction algorithm 

applied on the reconstructed images. DS works in the same way described in the previous 

section. Pre-scan imaging involves a 10 minute acquisition of the temperature mapping 

sequence immediately prior to the MR thermometry experiment, meant to bring the magnet 

hardware to a thermal steady state. The retrospective drift correction algorithm uses a slice-

by-slice DC correction of changes in the main magnetic field strength, combined with a 3D 

first order correction of changes in the spatial distribution of the main magnetic field 

(referred as DC+3D).
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The DC+3D drift correction algorithm is shown graphically in Fig. 1. The processing 

pipeline for an individual dynamic can be described as follows: 1) Exclude all voxels within 

the expected heating area using the masked magnitude map to generate the raw masked 

temperature maps. 2) Calculate a slice-by-slice DC drift estimate (S1–S6) for each slice and 

generate the DC-corrected temperature maps. 3) Combine the DC-corrected temperature 

maps with the SNR mask excluding all voxels with temperature uncertainty > 3°C. 4) 

Perform a least squares fit on the masked DC-corrected temperature maps over the voxels 

from all slices of the current dynamic, generating four correction coefficients: one zero order 

coefficient and three first order coefficients along different directions. Apply these 

coefficients onto each slice to get the 3D first order temperature error maps. 5) Apply the 

first order temperature error map and the DC drift estimate on to the baseline temperature, 

generating the final temperature maps used for display and feedback control.

Methods and Materials

First, the influence of magnet temperature was quantified to assess the importance of 

applying drift correction during long-duration MR thermometry. Subsequently, proposed 

drift correction strategies were evaluated individually and in combination, and validated 

against implanted temperature sensors. Finally, the stability of drift correction was evaluated 

in vivo. Detailed scanner settings (ACQ1, ACQ2, ACQ3) used for different image 

acquisitions were summarized in Table 1.

Influence of magnet temperature on phase drift

To evaluate the influence that heating of magnet hardware during scanning has on 

background phase drift [42], phase images were acquired with two pulse sequences having 

different gradient duty cycles, and thus hardware heating rates, while simultaneously 

measuring the temperature of the inner magnet bore and the imaged sample. In this 

experiment, a cylindrical phantom (MR-HIFU QA Phantom, Philips Healthcare, Vantaa, 

Finland) was imaged in a 3T MR scanner (Ingenia, Philips Healthcare). Two fiber-optic 

probes (T1, Neoptix, Canada) were taped to the inner surface of the bore, and two fiber-optic 

probes were inserted into the phantom, recording the actual temperature during the scan with 

a temporal resolution of one second. Scanning with a segmented fast field echo-echo planar 

imaging sequence (ACQ1) was performed for 60 minutes, and temperature monitoring 

continued after scanning ended until the bore temperature dropped to baseline. A similar 

measurement was made while scanning with a conventional spoiled fast field echo sequence 

(ACQ2), which has a lower gradient duty cycle and is expected to cause less heating to the 

magnet bore. In both cases, the patient ventilation fan of the MRI was set at the same level. 

There was no scanning performed in the 2 hours prior to this measurement, and the magnet 

was in a stable thermal configuration. For both imaging acquisitions, the mean phase in an 

ROI located around the two probes were measured over time to quantify phase drift within 

the assumed target region for treatment.

Influence of pre-scan imaging and F0 dynamic stabilization on phase drift

The effects of the two prospective drift compensation approaches on phase drift were 

evaluated based on their influence over the coefficients of a 3D first order fit to the 
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background phase. Phase images were acquired using a 3T MR scanner (Ingenia, Philips 

Healthcare) with an integrated MR-HIFU system (Sonalleve V2, Philips Healthcare, Vantaa, 

Finland). Temperature maps were processed with prototype software on the MR-HIFU 

system that uses an algorithm same to the 3D first order drift correction algorithm described 

in the previous section. MR images of a cylindrical phantom (MR-HIFU QA Phantom, 

Philips Healthcare, Vantaa, Finland) were acquired using the five channel coil array of the 

MR-HIFU system. After B1 calibration and a 3D T1-weighted planning scan, temperature 

maps (ACQ1) were acquired for 60 minutes with the HIFU transducer disabled (no heating).

Influence of F0 dynamic stabilization on image displacement

Beyond erroneous phase values within a voxel, phase drift causes shifts in reconstructed 

images if present in the k-space data. If the amount of image shift is on the order of a voxel 

or greater it will cause errors in the phase subtraction used for PRF-shift MR thermometry. 

DS can correct this error due to its operation on k-space data directly. To quantify this 

displacement, the segmented EPI temperature mapping sequence (ACQ1) was acquired for 

30 minutes either with or without DS. Image shift was estimated based on the frequency 

content of reconstructed magnitude images. The central frequency displacement between 

each dynamic and the reference (the first dynamic) was calculated from the FFT of the 

magnitude images. The image shift was then retrieved by inverse FFT of the central 

frequency displacement. Image shift along the phase/frequency encoding direction was 

measured with/without DS.

Interaction between slice-by-slice DC correction and 3D first order drift correction 
coefficients

To evaluate the influence of slice-by-slice DC drift correction on the 3D first order drift 

correction coefficients, the data acquired with DS enabled and pre-scan imaging were 

reprocessed with and without DC drift correction. The DC correction was applied to the raw 

temperature data from each image slice, prior to fitting the 3D drift correction coefficients. It 

is expected that the slice-by-slice correction would reduce temporal variations between 

dynamics and individual slices of each dynamic.

Validation tests of individual and combined drift correction strategies

A series of validation tests were performed to evaluate the accuracy of MR thermometry 

under 8 different conditions. The evaluations were primarily categorized into two groups 

based on the application of prospective drift correction. Ten minutes pre-scan imaging was 

performed for all cases, while DS was either turned on (n = 6) or off (n = 3). Four conditions 

were evaluated under each group for different retrospective correction methods: 1) raw 

temperature measurements acquired without applying retrospective drift correction, noted as 

“No Correction”; 2) temperature measurements corrected with slice-by-slice DC drift 

correction, noted as “DC only”; 3) temperature measurements corrected with 3D first order 

correction, noted as “3D only”; 4) temperature measurements corrected with proposed 

retrospective drift correction algorithm, noted as “DC+3D”. For each drift correction 

approach, MR temperature measurements acquired during MR-HIFU heating of a gel 

phantom were compared against temperatures measured using implanted fiber-optic sensors.
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A gellan gum tissue-mimicking phantom (radius = 3.75 cm, height = 8 cm) was used in this 

experiment [60]. Two fiber-optic temperature probes were inserted into the phantom to 

measure the local temperature in the heated region (Probe 1) and in an unheated location 

(Probe 2) during the heating experiment. The phantom was placed on the clinical HIFU 

tabletop, fitted on a customized adaptor filled with degassed water. A set of T1-weighted 

images were acquired for treatment planning (Fig. 2A, B), and used to define an 8 mm 

diameter circular target region centered on Probe 1. A ring of 16 focal point locations along 

the circumference of the target region (Fig. 2C) was sonicated to achieve a zone of uniform 

heating around Probe 1, while reducing temperature measurement artifacts caused by 

ultrasound energy directly impinging on the probes [61]. The ultrasound transducer was 

driven at 1.2MHz, with 10W output power for 600 seconds.

During the sonication, temperature maps were acquired using a segmented EPI sequence 

(ACQ3) with 10 minutes of scanner pre-heating, and using a PRF shift temperature 

sensitivity, α, of −0.0094 ppm/°C. Each sonication lasted for 10 minutes, and scanning 

continued for a further 10 minutes to track the temperature in the gel as it cooled. For each 

probe, the mean MR temperature measurement within a 6 mm diameter circular ROI around 

the probe was compared with the probe readings. The reported error was calculated as the 

mean difference between corresponding MR and fiber-optic temperature measurements.

Although the focus didn’t hit the fiber-optic probe directly, the ultrasound field at the probe 

location was not zero. A constant 1.4°C offset for the center probe was observed, which was 

related to viscous heating between the optical fiber’s plastic coating and the surrounding gel 

when the ultrasound power was turned on and off [61]. This offset was subtracted from all 

readings on the center probe made during the sonication. The reference probe did not require 

correction as it was well away from the path of the ultrasound beam.

In-vivo evaluation of MR thermometry during long-duration MR-HIFU hyperthermia

To demonstrate the performance of MR thermometry derived with the proposed strategies 

during MR-HIFU mild hyperthermia treatment, animal experiments were conducted in a 

rabbit model with different heating durations (10–40min). Female 3–4kg New Zealand 

White rabbits (n = 16) with VX2 tumors were used in this study. All procedures were 

approved by the UT Southwestern Institutional Animal Care and Use Committee under 

protocol APN 2013-0117. Briefly, animals were intubated and anesthetized with a mixture 

of 2–3.5% isoflurane and 1–2 l/min of 100% oxygen. An I.V. catheter was placed in the ear 

vein for contrast agent administration. A pulse oximeter was attached to the animal’s tongue 

to monitor heart rate and oxygen saturation, and a rectal temperature probe (T1, Neoptix, 

Canada) was used to record the core body temperature throughout the experiment. Hair over 

the animals’ thighs was removed using an electric trimmer and depilatory cream (VEET 

sensitive formula, Reckitt Benckiser, Parsippany, NJ, USA) to enable ultrasound 

transmission into the muscle. After preparation, the animal was transferred to the clinical 

MR-HIFU tabletop, positioned on its side with its thigh placed over the ultrasound window. 

A custom HIFU adaptor consisting of a temperature-controlled water tank, a gel pad holder 

and a supporting platform was developed and designed to position the animal at an 

appropriate height and to maintain its body temperature over the heating period (Fig. 3A). 
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Ultrasound gel was applied on the thigh facing the acoustic window as well as the area in 

between the hind legs to avoid undesired reflections of the ultrasound beam. Two fiber-optic 

probes were placed in the water tank and on the skin to monitor the reference temperature of 

the animals.

All hyperthermia experiments were performed using the MR scanner and MR-HIFU system 

described earlier. Temperature maps were acquired with 10 minutes of pre-scan imaging and 

DS turned on. DC+3D drift correction were applied to temperature measurements by 

modified research software. After a B1 calibration scan, 3D T1-weighted images were 

acquired to locate the target region for treatment planning (Fig. 3A). A 10mm diameter 

hyperthermia treatment cell was placed in a targeted region within the thigh. The 10 mm 

hyperthermia treatment cell is defined as a region consisting of electronically-targeted 

sonication points at locations distributed over circular trajectories of 4 and 8 mm diameter. 

The location of the treatment cell was adjusted to ensure that the ultrasound beam would not 

interfere with bones or air interfaces to avoid ultrasound reflections or unexpected subject 

motion during therapy.

During hyperthermia treatment, 6 images were acquired (ACQ1) for each dynamic scan: 1 

slice along the ultrasound beam, 3 slices across the beam placed at the center of the 

treatment cell, and 2 more slices to provide information from the near and far field across the 

ultrasound beam. The ultrasound frequency was 1.2 MHz, and the output power was 60 W. 

The temperature within the targeted region was maintained within 41–43°C by the 

hyperthermia software using a prototype temperature feedback control algorithm based on 

previously described techniques [23,62,63]. Upon the completion of the sonication, an 

additional 10 min of imaging was included to monitor the tissue cooling.

The in-vivo performance of the drift correction approach and hyperthermia feedback control 

was evaluated based on the temperature within the 10 mm diameter target region on the 

central slice across the ultrasound focus. The mean, T90 (refers to the value lower than 90% 

of all temperature measurements) and T10 (refers to the value lower than 10% of all 

temperature measurements) in this ROI were calculated for each dynamic from the time the 

target region first reached the desired temperature range (41–43°C) until the end of the 

sonication. The temporal stability of heating was summarized by the standard deviation of 

the target region mean, T90 and T10 across dynamics.

Results

Influence of magnet temperature on phase drift

Fig. 4A shows the temperature measured on the inner surface of the magnet bore, and inside 

an imaged phantom during a 60 min temperature mapping scan using either a segmented 

EPI (ACQ1) or a conventional fast field echo (FFE) sequence (ACQ2). In both experiments, 

the bore temperature curve was generated by averaging the readings from 2 probes taped on 

the inner bore. For the EPI sequence, the bore temperature increased 5.3°C (23.1 to 28.4°C) 

over a period of approximately 60 minutes and started to reach a steady state. For the FFE 

sequence, no significant temperature change was observed from the scanner bore. A minor 
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temperature drop of 0.4°C was observed due to the fan cooling. In both experiments, the 

room temperature change was less than 0.5°C.

The phase drift observed with MR thermometry was higher for the EPI scan, which has a 

higher gradient duty cycle (Fig. 4B). In the case of the conventional FFE sequence, the 

phase change around the fiber-optic probes in the unheated phantom was averaged to be 4.5 

rad (apparent temperature change of 37.2°C from baseline), whereas it was 22.5 rad 

(apparent temperature change of 186.0°C) for the EPI sequence. The real temperature of the 

phantom measured using two embedded fiber-optic probes showed no significant 

temperature change during the scan for both sequences.

By placing the fiber-optic probes on the inner surface of the bore, temperature measurements 

were made immediately adjacent to the transmit/receive body coil, and 1–2 cm away from 

the passive shims incorporated into the system. Temperature elevations measured using the 

probe during scanning are therefore likely to be related to heating of scanner components 

during heavy gradient use, but may also be partially affected by changes in air temperature 

in the imaging suite.

Observation of 3D first order drift correction coefficients

Fig. 5 shows an example of the drift correction coefficients calculated by the 3D first order 

polynomial fit during scanning of an unheated phantom. At each dynamic, the fit 

coefficients were calculated based on all slices in one dynamic. All curves were averaged 

with a sliding temporal window of 100 points to eliminate high frequency noise which 

obscured visualization of the rate of change of these curves. The zero order coefficients (Fig. 

5A) changed by approximately 77°C over 60 minutes, corresponding to a phase drift of 3.1 

rad. The temporal derivative of the zero order coefficients (Fig. 5B) shows variations in the 

first 10 minutes, which stabilize for longer scan times. The three first order coefficients (Fig. 

5C) show a consistent change over time, with the coefficient in the foot-head direction 

(along the bore, FH) being the largest component. The temporal derivatives of these 

coefficients (Fig. 5D) also depict the greatest temporal variations in the first 10–20 minutes 

of scanning, followed by more consistent changes for longer scan times. After 60 minutes, 

the linear change in temperature across the image FOV (40×40 cm, ACQ1) in the FH 

direction was approximately 52°C. Assuming a heated region of 3–4 cm, this would 

correspond to an error of up to 5°C across this area, which requires correction for accurate 

hyperthermia.

Influence of pre-scan imaging and F0 dynamic stabilization on phase drift

Fig. 6 shows the effect of DS and 10 minutes of pre-scan imaging on both the magnitude and 

rate of change of the drift correction coefficients calculated using the 3D first order 

polynomial fit. Not surprisingly, the zero order coefficients were virtually eliminated after 

DS was enabled (Fig. 6A, red). The rate of change was essentially zero as well (Fig. 6B, 

red), although this estimate of zero order coefficients fluctuates more (temporal standard 

deviation 0.14°C, red vs. 0.01°C, pink). One explanation for the increased variability might 

be due to the fact that DS compensates for the inaccurate estimation of F0 acquired with 

only a few echoes, in a very short time, achieving a precision of approximately ±1 Hz, 
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corresponding to a temperature precision of ±0.8°C. Also, a single correction is used for all 

six slices of a dynamic. These factors result in a less accurate measurement of center 

frequency compared to the slice-specific DC correction based on the average of a full image 

acquisition. Enabling DS also reduced the magnitude of the first order coefficient along the 

AP direction (Fig. 6C red). Performing a 10 minute pre-scan imaging to ‘pre-heat’ the 

scanner eliminated the early temporal variations observed in the zero order coefficients, as 

shown in Fig. 6D. These results suggest that pre-heating the scanner achieves stable and 

predictable drift behavior, and that both DS and DC correction are important for controlling 

the magnitude of both zero and first order phase drift.

Influence of F0 dynamic stabilization on image displacement

Fig. 7 depicts the shift in image position that is caused by phase drift during a 30 minute 

scan. A displacement of 1.8 mm (~1 pixel) is apparent along the phase encoding direction 

after 30 minutes of scanning, and the rate of shift is linear (0.06 mm/min, R2 = 0.995) over 

time. A much smaller shift of 0.5mm along the frequency encoding direction was observed 

after 30 minutes. After enabling DS, the image shift was well corrected in both directions 

(Fig. 7A). Fig. 7B shows the corresponding magnitude images for the first and last dynamic 

scans, and a subtraction of the two images showing the non-zero residual at the edge of the 

phantom.

Influence of slice-by-slice DC correction on phase drift

When performed alone, the slice-by-slice DC drift correction algorithm was able to address 

the magnitude and the changing rate of zero order coefficients (Fig. 6A, B, blue). Moreover, 

when paired with DS enabled, the DC drift correction algorithm was able to remove the 

variability introduced by DS (Fig. 6B, green). By applying DS during the image acquisition 

and DC drift correction algorithm on the reconstructed data, the first order coefficient along 

the AP direction was further reduced as well (Fig. 6C, green).

Influence of proposed drift correction strategies on accuracy of MR thermometry

Fig. 8 indicates the results of the temperature validation experiments performed in a tissue 

mimicking phantom as described in Fig. 2. Four conditions were plotted in this figure: raw 

data (No Correction), DS only (DS), retrospective correction only (DC+3D) and the 

combined drift correction strategy (DS and DC+3D). Panel A and B show the results for 

Probe 1 and 2, representing for heated and unheated region, respectively. Table 2 

summarizes the results from 9 validation experiments performed under different conditions. 

From the figure, it is clear that the best correspondence with the implanted fiber-optic sensor 

was achieved when both DS was enabled and the DC+3D drift correction algorithm was 

applied. In this case, the DC drift correction embedded in the retrospective correction 

algorithm was also able to reduce the noise introduced by DS.

In the heated (target) region, the result was unacceptable with raw data, with a mean error of 

15.11±8.97 °C observed across 3 experiments. Applying DC+3D drift correction alone 

reduced the error to 1.96±0.74°C, but did not address the issue of image displacement. With 

only DS enabled, the image displacement was corrected, but the temperature error 

(2.29±0.78 °C) was still not acceptable for mild hyperthermia treatments. In this 
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circumstance, applying slice-by-slice DC drift correction further reduced the error into 

0.49±0.57°C, and also reduced the temporal fluctuation caused by enabling DS. Similar 

results were obtained in an unheated (reference) region. Additional processing with a 3D 

first-order correction algorithm didn’t make a significant difference (0.57±0.58 °C) in the 

heated region, but provided a noticeable improvement in the unheated region: 0.54±0.42 °C 

compared to 0.68±0.50 °C. Hence, with DS enabled, the DC+3D drift correction algorithm 

can generate MR thermometry measurements with sufficient accuracy to meet the 

requirements for mild hyperthermia treatments in both the target region and the reference 

area. It is important to note that for all of these validation tests, a 10 minute pre-heating 

imaging acquisition was applied.

In-vivo evaluation of MR thermometry during long-duration thermal therapy

The coronal T2-weighted image in Fig. 3B depicts a VX2 tumor implanted in a rabbit’s 

thigh, and indicates the position of a circular target ROI for hyperthermia. Fig. 3C shows a 

temperature map acquired at 5 minutes after initiation of MR-HIFU hyperthermia. 

Temperature within the targeted area is well maintained at 41–43°C, and the regions outside 

this area show no significant heating, indicating that the drift correction algorithm is 

functioning properly. Fig. 9 shows the mean temperature, T10 and T90 within the target ROI 

during two mild hyperthermia treatments in rabbit thigh. The temperature is well maintained 

within the target range of 41–43°C for both treatment durations: 10 minutes in Fig. 9A, and 

40 minutes in Fig. 9B. MR temperature measurements summarized across 16 animals show 

a mean temperature of 42.2±0.6°C, T10 of 43.2±0.7°C and T90 of 41.2±0.6°C. The 

temperature in the rectum, measured with a fiber-optic probe, is included to indicate core 

body temperature. Across all animals, body temperature was 37.1±0.3°C, which confirms 

well-controlled localized heating in this animal model. For groups with treatment durations 

of 10, 20 and 40 minutes, the temperature within heated region was maintained between 41–

45°C for 10.8, 20.8 and 40.4 minutes, respectively.

Discussion and Conclusion

In this study, a phase drift correction pipeline including pre-scan imaging, F0 dynamic 

stabilization, and DC+3D retrospective drift correction was evaluated in conjunction with a 

clinical MR-HIFU system. By providing a temperature mapping accuracy of better than 1°C 

for scan durations of 10 minutes, the proposed pipeline was proved to successfully deliver 

accurate MR thermometry for guidance of MR-HIFU hyperthermia.

Tissue ablation applications of MR-HIFU involve high temperature elevations (> 20°C) for 

short periods of time (< 1 minute), and PRF-shift MR thermometry meets the requirements 

for monitoring and controlling these treatments. For durations longer than 1 minute, tissue 

swelling associated with thermal coagulation can introduce errors into the calculation of 

tissue temperature [64]. In the case of mild hyperthermia treatments involving MR-HIFU, 

mild heating in the range of 41 to 45°C is generated in a larger volume of tissue (10–50 mm) 

over a much longer duration (up to one hour). The desired therapeutic effects in tissue occur 

within a narrow temperature range, and are sensitive to short deviations. Therefore, the 

requirements for precise and accurate thermometry throughout treatment are quite strict. As 
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an example, the application of targeted drug delivery using thermo-sensitive liposomes and 

mild hyperthermia has very strict requirements for temperature and time. Temperature 

elevations <40°C are unlikely to achieve rapid release of drug at the heated site, while 

heating beyond 45°C for extended periods could cause vascular damage, thereby limiting the 

ability of liposomes to penetrate the target volume for triggered release. Additionally, drug 

deposition is expected to increase with treatment duration up to 2 hours of mild 

hyperthermia [65]. Therefore, strategies for accurate MR thermometry drift correction over 

tens of minutes are essential when considering the use of MR-HIFU for this clinical 

application.

The accuracy of the proposed multi-step drift correction strategy was validated against an 

implanted fiber-optic probe in phantom experiments. After performing a 10 minutes pre-

scan imaging to bring the scanner into a steady state, DS was enabled during acquisition to 

avoid the progressive displacement (approximately 2mm after 30 minutes of scanning) in the 

reconstructed images. This displacement could introduce subtraction errors especially at 

tissue/organ boundaries. By adding DS, the main component of DC temperature drift was 

removed, but the temperature error (2.29±0.78°C) was still unacceptable for mild 

hyperthermia. Furthermore, DS introduced noise into the temperatures maps because its 

center frequency estimation has poor precision and applies one particular correction onto all 

slices in the stack. A slice-by-slice DC drift correction can remove this fluctuation by 

calculating the center frequency offset from the complete image data of the previous 

dynamic instead of the phase navigators acquired before each dynamic. The last step was to 

perform the 3D first order polynomial fit across all slices in the current dynamic. The final 

temperature error dropped to 0.57±0.58 °C in the heated region and 0.54±0.42 °C in an 

unheated region across 6 separate experiments, well within the requirements for 

hyperthermia. With these correction strategies utilized for hyperthermia treatments in a 

rabbit model, stable and precise measurements were obtained for long-duration heating 

between 10 and 40 minutes. Temperature was well-maintained within the target region 

without observing any signs of incomplete drift correction in surrounding tissues.

A few limitations of this study deserve mention. In the first experiment, we aimed to 

characterize MRI hardware heating as a function of gradient duty cycle, and in turn the 

effect of scanner heating on phase drift. However, since temperature measurement of the 

gradients and passive shims during scanning was not possible, we measured the temperature 

of the inner plastic cover of the bore. The temporal response of gradient heating would be 

more delayed at this location, but as discussed above, may still serve as a useful surrogate of 

magnet temperature.

Another limitation is that fiber-optic probe validation tests were not performed in the rabbit 

experiment; this was due to the difficulty in placing the probe in the center of the target 

region. Instead, validation tests used a phantom setup that shared exactly the same imaging 

parameters as the rabbit experiment, and provided a more controlled environment to perform 

the validations. In addition, more configurations could be evaluated, and this setup enabled 

us to determine the relative importance of prospective and retrospective corrections. The 

phantom used for validation experiments in this study was representative of the imaging 

conditions for MR-HIFU hyperthermia in rabbits. However, magnetic susceptibility 
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distributions are likely to be more uniform in larger phantoms and humans, and the expected 

heating volume is likely to cover a smaller fraction of the tissue available for drift 

estimation. These factors would improve the precision of prospective F0 dynamic 

stabilization. They would also contribute to more accurate retrospective drift correction, with 

smaller contributions from first order and higher order spatial variations, and more voxels 

available for fitting. Furthermore, these experiments were all performed on a single MR 

scanner, while spatial and temporal drift characteristics can vary widely between MRI 

vendors, scanner models, and individual installations [42].

Finally, there are various methods available to perform accurate MR thermometry, however, 

the approach we describe represents a general method to correct the major effects of phase 

drift on MR thermometry accuracy over the long scanning durations associated with mild 

hyperthermia. Deviations from the baseline phase distribution can be estimated in reference 

phantoms of water [35,42] or oil [66,67] within the image. Extensions to higher order 

polynomial corrections or more extensive prospective corrections may further improve 

accuracy in cases of more severe background drift. Image shift artifacts over long scanning 

durations can also be corrected using a retrospective approach, by applying a rigid co-

registration of incoming images to the baseline dynamic before subsequent polynomial 

fitting of phase drift [56,68]. In addition to phase drift, in-vivo implementations of MR 

thermometry are very sensitive to tissue motion, which may be mitigated using accelerated 

acquisition with navigators [69] or multi-baseline and referenceless techniques [70,71].
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Fig. 1. 
Processing pipeline for the retrospective drift correction algorithm evaluated in this study. 

The main algorithm comprised of a DC drift correction and a 3D first order drift correction.
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Fig. 2. 
T1-weighted images acquired along (A) and across (B) the ultrasound beam. Two fiber-optic 

temperature probes were used to validate MR thermometry during MR-HIFU hyperthermia 

exposures in a phantom. The dashed line in (A) depicts the center of the plane where MR 

thermometry was performed during heating. The locations of two temperature probes are 

shown in (B). Zoomed-in view of the dashed square region in (B) is shown in (C), with the 

precise location of heating. The ultrasound beam was rapidly scanned along an 8 mm 

circular trajectory resulting in a uniform region of heating around Probe 1.

Bing et al. Page 19

Int J Hyperthermia. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
A) T1-weighted image along the ultrasound beam axis shows the experimental setup for 

performing hyperthermia in a rabbit model. A gel pad and a water tank were placed on top 

of the acoustic window of the clinical MR-HIFU system to elevate the animal to the location 

of the ultrasound focus. The conical water tank also maintained the body temperature of the 

animals. B) T2-weighted image transverse to the beam axis (along the dashed line in A) 

shows the VX2 tumor and the location of heating. C) The spatial temperature distribution 

measured midway during treatment shows localized heating within the target area, well 

maintained in the desired range of 41–43 °C.
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Fig. 4. 
Scanner temperature and phase change under different thermometry sequence. A) 

Temperature of the inner bore of the MRI increased at different rates during scanning 

depending on the gradient duty cycle of the sequence: echo-planar (EPI) vs fast field echo 

(FFE). The scan parameter and fan setting in the MR console were kept the same for two 

sequences. B) Phase measurements acquired with MR thermometry (red and blue) in an 

unheated phantom during scanning shows a monotonic change in phase. No significant 

temperature change was observed in the phantom (green and pink). The rate of change 

appears to be related to the gradient duty cycle and magnet heating.
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Fig. 5. 
Zero and 1st order correction coefficients across all slices acquired in 3D first order drift 

correction. A) Zero order coefficients over 60 minutes of scanning for an unheated phantom 

in the magnet. B) The rate of change of the zero order coefficient ranges from 1–2°C/minute 

over the first 30 minutes, with greater temporal variation over the first 10–15 minutes. C) 

First order drift correction coefficients (in plane and through plane) over 60 minutes for the 

same unheated phantom in the magnet. D)The rate of change of the first order coefficients 

also depict more temporal variation in the first 10–15 minutes followed by steady monotonic 

variations.
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Fig. 6. 
Effect of dynamic stabilization, DC drift correction and pre-heating correction coefficients 

across all slices acquired in 3D first order drift correction. F0 dynamic stabilization and DC 

drift correction both reduce the magnitude (A) and rate of change (B) of the zero order 

coefficient. DC drift correction was able to remove the noise introduced by dynamic 

stabilization (B). Dynamic stabilization alone was not enough to entirely remove the 1st 

order variations along AP direction (C), but coupled with the DC drift correction, the 

performance was largely improved. Preheating the scanner by acquiring a 10 minute dummy 

scan removed the initial 10 minute temporal variation of the zero order coefficient, resulting 

in a more monotonic change over time (D).
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Fig. 7. 
Correction of phase-induced image shift using F0 dynamic stabilization (DS). In the absence 

of DS, there is a gradual shift in image position along the phase encoding direction over 

time, corresponding to approximately 1mm after 15 minutes of scanning (red). A negative 

shift (<0.5mm after 30min scan) is observed along the frequency encoding direction (pink). 

Both image shifts are corrected after applying DS (blue and green). Right panel are 

corresponding magnitude maps showing the position shift over time with DS turned on/off.
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Fig. 8. 
Comparison is made between fiber-optic measurements and MR thermometry using various 

drift correction strategies: raw data (No Correction) dynamic stabilization only (DS), DC

+3D drift correction algorithm only (DC+3D), and combined strategy (DS and DC+3D). 

The drift correction algorithm validated here is the combination of DC drift correction and 

3D first order drift correction. Panel A and B represent data acquired at probe 1 and probe 2 

(shown in the insert), representing heated and unheated region, respectively.

Bing et al. Page 25

Int J Hyperthermia. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Temperature measured in a target region of rabbit muscle with MR thermometry during A) 

10 and B) 40 minutes of hyperthermia. MR temperature maps were calculated from EPI 

acquisition, with pre-heating, F0 dynamic stabilization, and combined drift correction 

algorithm. The mean (T-mean), T10 (90th percentile) and T90 (10th percentile) are shown in 

the graph. The temperature of the animal’s rectum during the treatment is plotted in pink 

curve. The graphs indicate localized and well controlled heating in the target region with 

minimal heating of distal areas.
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