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Introduction

Cardiac arrhythmias are amenable to catheter ablation using RF and even the most complex arrhythmias such as ventricular tachycardia and atrial fibrillation have been treated successfully [1,2]. The established clinical methods for ablation catheter guidance are electroanatomic mapping (CARTO) and X-ray fluoroscopy [3]. In addition, echocardiography [4], computed tomography [5], and MR imaging [6] can be used separately or in combination [7,8] to monitor the procedure. MRI can provide excellent soft-tissue contrast anatomical images, as well as real-time catheter visualization [9]. For pre-and post-procedural evaluation, MRI delayedenhancement sequences may be used to evaluate the substrate and the impact of the ablation [10]. Proton resonance frequency shift (PRFS) MR thermometry [11] with a dynamic series of phase images obtained with a gradient-echo based sequence was successfully used for the monitoring of radio-frequency ablation in other clinical contexts [12]. For cardiac ablation, MR thermometry and associated lethal thermal dose estimates could provide intra-procedural feedback. This may help with the determination of the cut-off point for the energy delivery and improve safety by avoiding damage to adjacent vital structures such as the esophagus or by preventing intra-tissular explosions and the associated risk of tamponades. In particular, information about the transmurality of the myocardial ablation may increase the success rate of the first ablation procedure.

However, due to the continued contraction and respiratory motion, cardiac imaging has to be rapid (acquisition time of less than 300 ms) to avoid intra-scan motion and to allow for multi-slice imaging within one heartbeat. Typically used rapid steady state free precession sequences (SSFP) [13,14] are prone to offresonance artifacts and require a high energy deposition, which can induce undesirable heating of the catheter wires [16]. Moreover, SSFP-based MR thermometry [15] is time-consuming and susceptible to motion artifacts limiting its applicability for monitoring cardiac RF ablations. To avoid these limitations, gradient echo sequences, potentially accelerated with EPI readouts and parallel imaging, represent interesting alternatives. Heart contraction and respiratory motion can be compensated with VCG-triggering and pencil-beam navigator-based slice tracking techniques, but additional image processing for the correct calculation of the temperature change at each pixel is required if residual in-plane motion is present [17,18].

With an average thickness of the myocardial wall of 8 to 15 mm and the limited spatial resolution of MRI sequences, the contribution of blood signal resulting from partial volume effects at the interface between the cavity and the myocardium may affect MR thermometry. Blood suppression techniques could reduce this effect.

The resulting increased contrast between the cavity and the myocardium may also be beneficial for the robustness of motion estimation algorithms, which are based on the analysis of local intensity changes.

In this paper, we evaluated the feasibility of 3T PRFS MR thermometry of the myocardial wall using accelerated gradient-echo sequences adapted to cardiac imaging. We explored two options for PRFS MR cardiac thermometry sequences: gradient-echo with parallel imaging and EPI readout acceleration, and gradientecho with parallel imaging only. Furthermore, three different blood suppression techniques were tested: multi-slice double inversion recovery (MDIR) [19,20,21], motion-sensitized driven equilibrium (MSDE) [22][23][24], and inflow saturation (IS) [25]. An assessment of the applied sequences and the blood suppression techniques was performed on MR images from eight healthy volunteers using the contrast-to-noise (CNR) and signal-to-noise (SNR)-ratios. Finally, the temporal stability of PRFS MR thermometry [26] as well as the temporal average of temperature were evaluated.

Materials and Methods

Choice of Imaging parameters

The following imaging protocol has been optimized in order to meet certain requirements for cardiac thermometry in the myocardium:

sufficient volume coverage with spatial resolution in the mm range to visualize the temperature distribution in the myocardium -TE ~ T2* for optimal temperature precision using PRF thermometry [27] a SNR of at least 10 to guarantee sufficient phase precision short acquisition time per slice (< 300 ms) in order to avoid intra-scan motion Parallel imaging acceleration (SENSE) was used in order to reduce the imaging matrix, but limited by the number of coil elements and signal considerations.

With acquisition times of ~150 ms and ~220 ms for TFE-EPI and TFE respectively, a minimum of 3 slices per cardiac cycle could be acquired without a compromise on the spatial resolution. Due to time constraints an in-plane resolution of 3.5 mm² was chosen and signal considerations led to the selection of a 8 mm slice thickness. Even though fat suppression is necessary for PRF thermometry in organs like liver or kidney, this is not the case in the myocardium, as the fat content and chemical shift effects are negligible. However, the signal from subcutaneous fat in the field of view resulted in considerable artifacts in the center of the field of view due to the SENSE reconstruction. Therefore, fat suppression was applied for all experiments.

Imaging protocol

Imaging was performed on a 3T MR system (Achieva, Philips, Best, The Netherlands) using a 6-channel surface cardiac coil. Respiratory through-plane motion was compensated with a slice-tracking technique that used a pencil-beam navigator placed on the right diaphragm to adjust the image slice position in realtime. All acquisitions were VCG-triggered, with a trigger delay (T D ) set to the longest available value (between 109 ms and 699 ms) depending on the used blood suppression technique and the cardiac frequency of the volunteer, ranging In order to further accelerate the acquisition while maintaining a reasonable echo time for MR thermometry phase accumulation, a RF-spoiled TFE-EPI sequence (T R = 11 ms, T E = 6 ms, flip angle = 26-30°, bandwidth/pixel = 217 Hz, FOV = 350

x 350 x 8 mm³, matrix = 100 x 100) with an echo train length of 3 and a SENSE factor of 3 was chosen in a second experiment. Echo train lengths of 5 or more were tested, but, despite the use of a localized main magnetic field (B 0 ) shim on the heart, they led to significant image quality degradation on the heart and were not further used. In total, 100 consecutive short axis (mid position) images were acquired dynamically (dynamic scan time t dyn =0.75-1.2 s) covering 3 slices per cardiac cycle (slice gap 0.8 mm). The timing of the described sequence within the cardiac cycle is depicted in Fig. 1a.

Blood suppression techniques

Multi-slice double inversion recovery (DIR)

The double inversion recovery (DIR) technique has been proven to reliably suppress the signal of blood, independent of the blood flow rate [19].

Nevertheless, the inversion delay severely prolongs the actual acquisition time and therefore DIR is generally limited to single-slice acquisitions, even though multislice implementations have been presented recently [20,21].

In this work, a standard double inversion recovery (DIR) preparation module was adapted to multi-slice imaging (MDIR). As a compromise between volume coverage (a minimum of 3 slices) within the given cardiac cycle and blood suppression efficiency, inversion times (T I1/ T I2 ) of 4 ms/320 ms were used.

Inflow saturation (IS)

For inflow saturation, saturation slabs positioned parallel to the image stack were used to suppress the signal of inflowing spins. IS is adapted to VCG-triggered multi-slice cardiac imaging, and was shown to provide efficient suppression of inflowing spins [25]. Here, inflow saturation (IS) was accomplished by placing one saturation slab of 60 to 80 mm thickness between the imaged slices and the base of the heart at a distance of 5 to 15 mm leading to a maximal increase in acquisition time of 6 ms.

Motion sensitized driven equilibrium (MSDE)

The motion sensitized driven equilibrium magnetization preparation [22,23] has been evaluated and successfully used for black blood carotid imaging [24]. This approach only adds a minimal delay before the acquisition and is compatible with VCG-triggered cardiac multi-slice imaging. There is only a slight increase in scan time, but the preparatory module introduces T 2 weighting, which leads to additional signal loss. Moreover, MSDE may be sensitive to inhomogeneities of the RF excitation (B 1 ) field, leading to a spatially varying flip angle, and eddy current effects, especially at high magnetic fields. The blood suppression MSDE preparatory module which was implemented for this work is detailed in Fig. 1b and represents an improved version of the module proposed in [28]. In order to achieve a higher robustness against B 1 inhomogeneities, two composite inversion pulses were used. Adiabatic pulses were tested. However, the resulting images showed motion artifacts as a result of the significantly increased duration of the preparation module and thus, non-adiabatic pulses were employed. Bipolar gradients were used in order to compensate for eddy current effects, with amplitudes calculated following the definition proposed by Nguyen et al [23] v enc = πγ/m 1 where γ is the gyromagnetic ratio, m 1 is defined as the first moment of the applied gradient, and v enc corresponds to the velocity of the blood spins which are dephased by π. This blood suppression technique is therefore velocity selective and an adaptation of v enc is required for each volunteer in order to match the blood velocity. The value of v enc was adjusted on each volunteer between 20 cm•s -1 and 40 cm•s No precise adjustment of v enc for the three different encoding directions was performed as such an approach was considered too time-consuming.

The time penalties per image stack resulting from the application of one of the described blood suppression techniques were 320 ms for MDIR (corresponding to T I2 ), 9 ms for MSDE and 6 ms for IS.

Image Processing

Motion compensation

Despite the use of slice tracking and VCG triggering, which resulted in a substantial reduction of heart motion, residual in-plane displacements could be observed. In-plane motion compensation was performed by analyzing local displacements on the magnitude images. For this purpose, the first image in the time series was selected as the reference image, on which a region of interest (ROI) delimiting the left myocardium was manually drawn. A gradient driven descent algorithm maximizing the inter-correlation coefficient between this reference image and each following magnitude image of the time series was performed, assuming an affine displacement restricted to the selected ROI [17].

The 6 coefficients of the affine transformation (two translations, two scales, a rotation, a shear) leading to the highest correlation with the reference image were stored for each image of the time series. Images containing artifacts due to erroneous navigator slice tracking were identified by calculating the Pearson intercorrelation coefficient C 0,n between each image and the first image of the time series. A rejection criterion was introduced such that images with C 0,n < 0.7 were removed for further evaluation. In 7 of the 64 dynamic imaging series (100 images each), 2 to 27 images (on average 9 images) containing artifacts from erroneous slice tracking were detected and removed. In order to evaluate the efficiency of the different blood suppression techniques SNR and CNR were evaluated from the motion compensated images. The inhomogeneous noise distribution in the images as a result of the applied parallel imaging technique required a modified definition for both expressions [24] where S sep denotes the average signal in a small ROI in the ventricular septum, S cav the average signal in a small ROI in the cavity and σ sep and σ cav the respective signal standard deviations in the same ROIs. As a result, the calculated SNR allowed to draw conclusions about the ratio between the measured signal and the corresponding spatial variation of the signal in the chosen ROI, but not about the image noise in general.

Evaluation of the image quality

Temperature calculation

Susceptibility effects were corrected with a model-based multi-baseline approach [17]. The first 50 images were acquired in a learning phase and the coefficients calculated during the registration were stored and used to create parametric phase maps assuming a linear relationship between respiratory motion and susceptibility related phase changes [29]. These parametric phase maps were computed by a Singular Value Decomposition (SVD) of the list of motion registered acquired phase images with the coefficients. For the following 50 images, the coefficients retrieved during the image registration and the parametric phase maps derived during the learning phase were used to compute a synthetic phase image. This synthesized reference phase was subtracted from the current phase to calculate the temperature map using the PRFS method [11]. In order to assess the quality of the temperature measurements in the myocardium, the temporal mean µ T (reflecting systematic offsets) and standard deviation of temperature σ T (reflecting precision and stability) were calculated at each pixel. As rapid gradient echo- based sequences are prone to artifacts at the interfaces between myocardium, liver and lungs, the central region of the myocardium, corresponding to the ventricular septum, was chosen as target area for a detailed statistical analysis.

The spatial distribution of σ T , as well as the spatial average of σ T in a ROI in the ventricular septum <σ T >, as well as the spatial distribution of the temporal mean of temperature µ T and its spatial average <µ T >, were analyzed. The aim of this evaluation was to find a combination of imaging sequence and blood suppression technique providing a minimal temporal standard deviation of temperature σ T (corresponding to a maximal temperature stability) as well as a minimal temporal mean of temperature µ T . For this evaluation, all dynamic images of one slice for the 8 volunteers (in total 800 images) were used for each combination of acquisition sequence and blood suppression technique.

Statistical Analysis

The significance of the results for the SNR/CNR, the temperature stabilities, and temporal averages of temperature for the different blood suppression techniques was evaluated using ANOVA (analysis of variances) in form of a F-test with significance threshold p=0.05 . For the temperature stability and the temporal average of temperature, all voxels within the ventricular septum were taken into account and the average values across volunteers were compared between the different blood suppression techniques. The significance of the result for CNR and SNR was evaluated by comparing the average values across patients for each blood suppression method. If the test was found significant, additional paired ttests were applied to the data of all pairs of blood suppression techniques. A significance of p=0.05 was used and corrected with the Bonferroni method. This statistical analysis was performed slice by slice. showed a comparable good performance in terms of blood suppression efficiency and image quality. As a criterion for the evaluation of the blood suppression performance, the mean value over all volunteers of the temporal average of the CNR and SNR in the ventricular septum calculated according to equation (1) together with the corresponding temporal standard deviation are displayed in Fig. 3. The application of any of the three blood suppression techniques led to an increased CNR between the septum and the cavity without significant difference between the three blood suppression techniques (p>0.05). In the acquisitions without blood suppression, for 6 of 8 volunteers the myocardium appeared hypointense in comparison to the signal of the blood in the cavity leading to a negative CNR. For the SNR, no significant difference between the blood suppression techniques could be observed (p > 0.05). According to equation (1), a high SNR is an indication of reduced spatial signal variation in the septum as a result of the applied blood suppression. However, inflow saturation produced a much lower CNR in the first slice than in slices 2 and 3, while the other three blood suppression techniques delivered comparable CNR's for each slice. In all three slices, the application of blood suppression led to an increased CNR (p<0.05).

Results

Temperature stability and temporal mean of temperature

As a second comparison criterion, the results of the evaluation of the temperature stability and the temporal mean of temperature in the myocardium are shown in Figures 4a-d degradation at the intersection of the myocardium, liver, and lungs. However, at the interface between the lung and the myocardium and in the ventricular septum the temperature stability distribution and the distribution of the temporal mean of temperature remained stable. A detailed evaluation of the spatial distribution of the temperature stability in the ventricular septum is presented in Fig. 6 for the central slice using the combined data from all volunteers in form of Box-and-Whisker plots. In addition, the spatial average of the temperature stabilities in the ventricular septum including the corresponding spatial standard deviations are shown in Table 1 as the mean, minimal and maximal value over all volunteers for the different blood suppression techniques. Compared to the acquisition without blood suppression, the temperature stability was enhanced for IS and MSDE (p < 0.05), but did not show a significant improvement for MDIR (p > 0.05). Among the different blood suppression methods, MSDE achieved the best temperature stability (p<0.05). In the cases with reduced temperature stability as compared to the results achieved without blood suppression, especially high deviations were found for MDIR for 2 volunteers, for MSDE for 3 volunteers, and for IS for 3 volunteers. No obvious correlation between the measured CNR in the ventricular septum as shown in Fig. 3 and the temperature stabilities were found.

Finally, Table 1 shows the spatial average and standard deviations of the temporal mean of temperature in the ventricular septum as the mean, minimal and maximal value over all volunteers for all blood suppression methods. On average, a positive temperature offset of 0.0°C to 0.7°C has been measured without a statistically significant difference between the blood suppression methods (p>0.05).

For the two remaining slices the results for the temporal average of temperature were comparable. All blood suppression techniques showed a decreased temperature stability in the first and last slice.

In general, the average blood suppression performance of the three blood suppression techniques was comparable. 

SNR/CNR and image quality

The images acquired using MSDE and IS showed a comparable quality and blood suppression efficiency, whereas the image acquired with MDIR suffered from motion-induced blurring (Fig. 2e-h). MDIR and MSDE suffered from a reduced or comparable SNR in the ventricular septum as compared to the acquisition without blood suppression, while IS showed a higher SNR (p<0.05) indicating that IS achieved a more favorable ratio between myocardial signal and spatial signal homogeneity than MDIR and MSDE (Fig. 3 right). As expected, the CNR between the myocardium and the cavity was increased for all blood suppression techniques, with the IS technique performing best in comparison with MDIR and MSDE (p< 0.05). Furthermore, in the acquisitions without blood suppression for 6 of 8 volunteers and for MSDE for 2 volunteers, the myocardium appeared hypointense in comparison to the signal of the blood in the cavity leading to a negative CNR, as illustrated in Fig. 3 displaying the average CNR. For the remaining slices (results not shown) the differences between the different methods were reduced and IS showed a decreased CNR in the first slice.

Temperature stability and temporal mean of temperature

Similar to the acquisitions using TFE without EPI readout, the temperature stability and temporal mean of temperature were deteriorated at the intersection of the myocardium, liver, and lungs, but improved in the other sections of the myocardium (Fig. 4e-h and5e-h). Despite the apparent blurring in the magnitude images for MDIR, the measured temperature stability and temporal mean of temperature in the myocardium were not affected by these artifacts. A detailed statistical analysis of the spatial distribution of the temperature stability in the ventricular septum for the different blood suppression techniques is shown in Fig. 6 and Table 1 using the combined data from all volunteers and the central slice. the acquisition without blood suppression could be observed for all three blood suppression techniques (p < 0.05). Unlike the acquisitions using TFE without EPI readout, IS blood suppression performed significantly better than MDIR and MSDE (p < 0.05), as confirmed in the Box-and-Whisker plots in Fig. 6, which represents the combined evaluation over the ROIs of all volunteers. Among the cases with reduced temperature stability as compared to the acquisition without blood suppression, remarkable poor temperature stabilities were calculated for MDIR for 1 volunteer, and for MSDE for 3 volunteers. This manifested itself also in substantially decreased average temperature stabilities, as presented in Table 1, where for the mentioned cases values of up to 16.9°C±22.9°C could be observed.

Statistically significant improvements of the temperature stability in comparison to

For this sequence, there was a good correspondence between the observed CNR in the ventricular septum as displayed in Fig. 3 and the corresponding temperature stability for the majority of cases. This was confirmed in the results of MSDE for 2 volunteers, where a hypo-intense signal in the septum was coupled to a significantly reduced temperature stability. A similar observation could be made for 7 of 8 volunteers in the cases where no blood suppression was applied. On the other hand a significantly increased CNR for 4 volunteers was coupled to a very high temperature stability in the ventricular septum (data not shown). Figure 7 shows an example graph of the temperature measured in three different characteristic points in the ventricular septum for the IS technique and volunteer 5, central slice. The temperature remained stable and was shifted by approximately 0.7°C, 1.5°C and 1.9°C for the three different points. The temperature graphs confirm that the temporal standard deviation of temperature increased for the points closer to the interface with the lungs and the liver as already stated above.

In addition, Table 1 shows the spatial average and standard deviation of the temporal mean of temperature in the ventricular septum as the mean, minimal and maximal value over all volunteers for all blood suppression techniques. On average, mean temperatures of 0.2°C to 0.4°C have been measured for the different blood suppression techniques. The last acquired slice showed similar temperature stabilities and temporal averages of temperature as the central slice. For the first slice, the acquisitions with IS and MSDE produced lower temperature stabilities than for the second and third slice.

Discussion

Imaging protocol

A direct comparison of the two applied sequences (TFE and TFE-EPI) is not straightforward as several factors have to be taken into account. The TFE sequence was robust against motion artifacts and B 0 inhomogeneities while suffering from longer acquisition times. As a result, the achievable echo times were limited, leading to a reduced temperature precision. Combining this sequence with an EPI readout led to a significant acceleration and reduced intrascan motion, but the EPI readout was intrinsically more sensitive to susceptibility artifacts. The TFE-EPI sequence achieved on average better temperature stabilities in the ventricular septum, and enabled higher volume coverage and longer echo times.

The applied imaging protocol for MR thermometry required a compromise between spatial resolution, volume coverage, overall scan time and signal. In this study, a spatial resolution of 3.5x3.5x8mm³ covering 3 slices was chosen in order to allow a temporal resolution of one heart beat, yielding an average SNR of 15.

Considering the size of a catheter tip and the expected hot spot during a RF ablation procedure, a higher spatial resolution would be desirable. As the SNR directly influences the theoretically achievable temperature precision [26], a further reduction of the voxel size would result in a decreased temperature precision, if the associated signal loss is not compensated by other means. A potentially higher signal could, for example, be achieved by using available 32-channel cardiac coils.

Increasing the SENSE acceleration factor could be beneficial, but again, the resulting signal loss would have to be compensated in order to maintain a sufficient temperature precision. Furthermore, longer echo times, corresponding to potentially higher temperature precisions and increased volume coverage, could [30,31] are usually based on inversion techniques which are not compatible with gradient echo imaging for MR thermometry. Other approaches using tailored RF pulses have been successfully tested, for example in 3D carotid imaging [32], but have not yet been applied to MR temperature imaging. The use of saturation slabs for the FOV reduction is possible with gradient echo sequences, but leads to an increased acquisition time.

Blood suppression techniques

IS:

In terms of blood suppression, inflow saturation appeared to be the most robust method yielding a spatial average temperature stability in the ventricular septum of 2°C or better when combined with the TFE-EPI acquisition. Nevertheless, the application of inflow saturation slabs remained time-consuming and care had to be taken to avoid saturation of the spins included in the volume excited by the pencil beam. Furthermore, as IS is based on the inflow effect, the blood suppression efficacy in every slice depended on the distance of the saturation slab from the image stack, the exact blood velocity, and the slice order. In our setup, blood suppression was always more effective in the last acquired slice.

MDIR: Multi-slice DIR achieved good blood suppression over all slices leading to an average temperature stability of 3°C when used with a TFE sequence. However, it suffered from long scan times as a result of the necessary inversion delay limiting the slice number to 2 to 3 for typical cardiac frequencies (ranging from 0.8 Hz to 1.2 Hz for the presented volunteers). Furthermore, in our implementation, the combination with EPI readout led to severe image artifacts. This may be due to the fact that the EPI phase correction data was acquired prior to the inversion delay. It is acquired once at the beginning of a dynamic series of images by switching off the phase encoding gradients. However, if motion occurs between the acquisition of the phase correction data and the acquisition of the actual image, the resulting images will contain artifacts due to uncompensated residual phase offsets between the acquired k-space lines. A catheter tip in contact with the myocardium is likely to cause additional susceptibility artifacts, and hence lead to a further deterioration of the image quality [33]. If these problems are resolved, multi-slice DIR could become a candidate for blood suppression during MR thermometry using TFE sequences with or without EPI acceleration.

MSDE:

The application of MSDE for blood suppression resulted in an average temperature stability of 3°C or better. However, due to its sensitivity to B 0 and B 1 inhomogeneities, large variations in the blood suppression performance were observed. This is also because for a chosen gradient strength, only one particular blood velocity is completely suppressed. As this technique also reduces the signal from all bulk motion, in some cases, the signal of the myocardium was reduced as well, leading to a degraded CNR between myocardium and cavity. General signal loss in the myocardium may be overcome by applying B 1 shimming [34] prior to the measurement, and by choosing different gradient amplitudes in the three encoding directions.

The results confirmed that blood suppression is beneficial for MR thermometry of the heart as indicated by the improved temperature stability in the myocardium. This is most likely due to a combination of reduced partial volume effects at the myocardium-blood interface and a better performance of the motion correction algorithms when presented with images with improved myocardium-cavity delineation. The observed average temperatures showed a large spatial variation and represent thus no systematic but random temperature offset.

Based on the average temperature stabilities and SNR/CNR values in the ventricular septum, IS in combination with TFE-EPI was the preferred combination for the presented implementation.

Image Quality

The measured SNR/CNR values in the ventricular septum indicated that the applied blood suppression was able to significantly increase the CNR between the myocardium and the cavity. It was also found that the application of blood suppression typically leads to an increased SNR in the ventricular septum. As all blood suppression methods are designed to cancel the signal of moving spins whilst also tissue spins may not remain completely unaffected, this result seems counterintuitive. This result may be attributed to a decreased spatial standard deviation of the signal, potentially as a result of reduced partial volume effects with blood and reduced flow artifacts.

Motion correction

The applied affine algorithm for the compensation of in-plane motion was still limited when applied in the myocardium, as already small deformations or residual flow effects could cause false pixel displacements in the myocardium. The 
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Blood suppression techniques

Multi-slice double inversion recovery (DIR)

The double inversion recovery (DIR) technique has been proven to reliably suppress the signal of blood, independent of the blood flow rate [19].

Nevertheless, the inversion delay severely prolongs the actual acquisition time and therefore DIR is generally limited to single-slice acquisitions, even though multislice implementations have been presented recently [20,21].

In this work, a standard double inversion recovery (DIR) preparation module was adapted to multi-slice imaging (MDIR). As a compromise between volume coverage (a minimum of 3 slices) within the given cardiac cycle and blood suppression efficiency, inversion times (T I1/ T I2 ) of 4 ms/320 ms were used.

Inflow saturation (IS)

For inflow saturation, saturation slabs positioned parallel to the image stack were used to suppress the signal of inflowing spins. IS is adapted to VCG-triggered multi-slice cardiac imaging, and was shown to provide efficient suppression of inflowing spins [25]. Here, inflow saturation (IS) was accomplished by placing one saturation slab of 60 to 80 mm thickness between the imaged slices and the base of the heart at a distance of 5 to 15 mm leading to a maximal increase in acquisition time of 6 ms.

Motion sensitized driven equilibrium (MSDE)

The motion sensitized driven equilibrium magnetization preparation [22,23] has been evaluated and successfully used for black blood carotid imaging [24]. This approach only adds a minimal delay before the acquisition and is compatible with VCG-triggered cardiac multi-slice imaging. There is only a slight increase in scan time, but the preparatory module introduces T 2 weighting, which leads to additional signal loss. Moreover, MSDE may be sensitive to inhomogeneities of the RF excitation (B 1 ) field, leading to a spatially varying flip angle, and eddy current effects, especially at high magnetic fields. The blood suppression MSDE preparatory module which was implemented for this work is detailed in Fig. 1b and represents an improved version of the module proposed in [28]. In order to achieve a higher robustness against B 1 inhomogeneities, two composite inversion pulses were used. Adiabatic pulses were tested. However, the resulting images showed motion artifacts as a result of the significantly increased duration of the preparation module and thus, non-adiabatic pulses were employed. Bipolar gradients were used in order to compensate for eddy current effects, with amplitudes calculated following the definition proposed by Nguyen et al [23] v enc = πγ/m 1 where γ is the gyromagnetic ratio, m 1 is defined as the first moment of the applied gradient, and v enc corresponds to the velocity of the blood spins which are dephased by π. This blood suppression technique is therefore velocity selective and an adaptation of v enc is required for each volunteer in order to match No precise adjustment of v enc for the three different encoding directions was performed as such an approach was considered too time-consuming.

The time penalties per image stack resulting from the application of one of the described blood suppression techniques were 320 ms for MDIR (corresponding to T I2 ), 9 ms for MSDE and 6 ms for IS.

Image Processing

Motion compensation

Despite the use of slice tracking and VCG triggering, which resulted in a substantial reduction of heart motion, residual in-plane displacements could be observed. In-plane motion compensation was performed by analyzing local displacements on the magnitude images. For this purpose, the first image in the time series was selected as the reference image, on which a region of interest (ROI) delimiting the left myocardium was manually drawn. A gradient driven descent algorithm maximizing the inter-correlation coefficient between this reference image and each following magnitude image of the time series was performed, assuming an affine displacement restricted to the selected ROI [17]. In order to evaluate the efficiency of the different blood suppression techniques SNR and CNR were evaluated from the motion compensated images. The inhomogeneous noise distribution in the images as a result of the applied parallel imaging technique required a modified definition for both expressions [24] where S sep denotes the average signal in a small ROI in the ventricular septum, S cav the average signal in a small ROI in the cavity and σ sep and σ cav the respective signal standard deviations in the same ROIs. As a result, the calculated SNR allowed to draw conclusions about the ratio between the measured signal and the corresponding spatial variation of the signal in the chosen ROI, but not about the image noise in general.

Temperature calculation

Susceptibility effects were corrected with a model-based multi-baseline approach [17]. The first 50 images were acquired in a learning phase and the coefficients calculated during the registration were stored and used to create parametric phase maps assuming a linear relationship between respiratory motion and susceptibility related phase changes [29]. These parametric phase maps were computed by a Singular Value Decomposition (SVD) of the list of motion registered acquired phase images with the coefficients. For the following 50 images, the coefficients retrieved during the image registration and the parametric phase maps derived during the learning phase were used to compute a synthetic phase image. This synthesized reference phase was subtracted from the current phase to calculate the temperature map using the PRFS method [11]. In order to assess the quality of the temperature measurements in the myocardium, the temporal mean µ T (reflecting systematic offsets) and standard deviation of temperature σ T (reflecting precision and stability) were calculated at each pixel. As rapid gradient echo- based sequences are prone to artifacts at the interfaces between myocardium, liver and lungs, the central region of the myocardium, corresponding to the ventricular septum, was chosen as target area for a detailed statistical analysis.

The spatial distribution of σ T , as well as the spatial average of σ T in a ROI in the ventricular septum <σ T >, as well as the spatial distribution of the temporal mean of temperature µ T and its spatial average <µ T >, were analyzed. The aim of this evaluation was to find a combination of imaging sequence and blood suppression technique providing a minimal temporal standard deviation of temperature σ T (corresponding to a maximal temperature stability) as well as a minimal temporal mean of temperature µ T . For this evaluation, all dynamic images of one slice for the 8 volunteers (in total 800 images) were used for each combination of acquisition sequence and blood suppression technique.

Statistical Analysis

The significance of the results for the SNR/CNR, and the temperature stabilities, and temporal averages of temperature for the different blood suppression techniques was evaluated using ANOVA (analysis of variances) in form of a F-test with significance threshold p=0.05 for each volunteer separately. For this, ANOVA (analysis of variances) in form of a F-test was performed on the results for all blood suppression techniques with significance threshold 0.05 For the temperature stability and the temporal average of temperature, all voxels within the ventricular septum were taken into account and the average values across volunteers were compared between the different blood suppression techniques. The significance of the result for CNR and SNR was evaluated by comparing the average values across patients for each blood suppression method. If the test was found significant, additional paired t-tests were applied to the data of all pairs of blood suppression techniques for the respective volunteer. A significance of p=0.05 was used and corrected with the Bonferroni method. This statistical analysis was performed slice by slice. showed a comparable good performance in terms of blood suppression efficiency and image quality. As a criterion for the evaluation of the blood suppression performance, the mean value over all volunteers of the temporal average of the CNR and SNR in the ventricular septum calculated according to equation (1) together with the corresponding temporal standard deviation are displayed in Fig.

The application of any of the three blood suppression techniques led to an

increased CNR between the septum and the cavity without significant difference between the three blood suppression techniques (p>0.05). For each volunteer, the achieved average CNR for every blood suppression method was compared with the other three methods. On average, MDIR showed a CNR which was approximately 30% higher than for MSDE or IS. Furthermore, iIn the acquisitions without blood suppression, for 6 of 8 volunteers the myocardium appeared hypointense in comparison to the signal of the blood in the cavity leading to a negative CNR (results not shown). On average, all blood suppression techniques led to an increased SNR in the ventricular septum as compared to the acquisition without blood suppression, but For the SNR, no significant difference between the blood suppression techniques could be observed (p > 0.05). According to equation (1), a high SNR is an indication of reduced spatial signal variation in the septum as a result of the applied blood suppression. For the two remaining slices (results not shown), the results were comparable for the acquisitions without blood suppression, MSDE and MDIR with a higher CNR for all blood suppression R3.8 techniques in the last slice. Inflow saturation produced a much lower CNR in the first slice than in slices 2 and 3. However, inflow saturation produced a much lower CNR in the first slice than in slices 2 and 3, while the other three blood suppression techniques delivered comparable CNR's for each slice. In all three slices, the application of blood suppression led to an increased CNR (p<0.05).

Temperature stability and temporal mean of temperature

As a second comparison criterion, the results of the evaluation of the temperature stability and the temporal mean of temperature in the myocardium are shown in Figures 4a-d and5a-d as an overlay on the magnified magnitude images for the central slice. Note that the distributions of the temperature stability and the temporal means of temperature were spatially inhomogeneous, showing a degradation at the interface with the liver and the lungs intersection of the myocardium, liver, and lungs. However, at the interface between the lung and the myocardium and in the ventricular septum the temperature stability distribution and the distribution of the temporal mean of temperature remained stable. In the ventricular septum a temperature stability of 2.8°C could be achieved with the TFE sequence. A detailed evaluation of the spatial distribution of the temperature stability in the ventricular septum is presented in Fig. 6 for the central slice using the combined data from all volunteers in form of Box-and-Whisker plots. In addition, the spatial average of the temperature stabilities in the ventricular septum including the corresponding spatial standard deviations are shown in Table 1 No obvious correlation between the measured CNR in the ventricular septum as shown in Fig. 3 and the temperature stabilities were found.

Finally, Table 1 shows the spatial average and standard deviations of the temporal mean of temperature in the ventricular septum as the mean, minimal and maximal value over all volunteers for all blood suppression methods. On average, a positive temperature offset of 0.0°C to 0.7°C has been measured without a statistically significant difference between the blood suppression methods (ANOVA p=0.05p>0.05).

For the two remaining slices the results for the temporal average of temperature and temperature stability were comparable. All blood suppression techniques showed a decreased temperature stability in the first and last slice, only MDIR showed a decreased temperature stability in the last slice.

In general, the average blood suppression performance of the three blood suppression techniques was comparable.

TFE-EPI sequence

SNR/CNR and image quality

The images acquired using MSDE and IS showed a comparable quality and blood suppression efficiency, whereas the image acquired with MDIR suffered from motion-induced blurring (Fig. 2e-h). MDIR and MSDE suffered from a reduced or comparable SNR in the ventricular septum as compared to the acquisition without blood suppression, while IS showed a higher SNR (p<0.05) indicating that IS achieved a more favorable ratio between myocardial signal and spatial signal homogeneity than MDIR and MSDE (Fig. 3 intense in comparison to the signal of the blood in the cavity leading to a negative CNR, as illustrated in Fig. 3 displaying the average CNR(data not shown). For the remaining slices (results not shown) a similar behavior was found the differences between the different methods were reduced and . Only IS showed a decreased CNR in the first slice.

Temperature stability and temporal mean of temperature

Similar to the acquisitions using TFE without EPI readout, the temperature stability and temporal mean of temperature were deteriorated at the interface with the lungs and the liver intersection of the myocardium, liver, and lungs, but improved in the other sections of the myocardium (Fig. 4e-h and 5e-h). Despite the apparent blurring in the magnitude images for MDIR, the measured temperature stability and temporal mean of temperature in the myocardium were not affected by these artifacts. A detailed statistical analysis of the spatial distribution of the temperature stability in the ventricular septum for the different blood suppression techniques is shown in Fig. 6 For this sequence, there was a good correspondence between the observed CNR in the ventricular septum as displayed in Fig. 3 and the corresponding temperature stability for the majority of cases. This was confirmed in the results of MSDE for 2 volunteers, where a hypo-intense signal in the septum was coupled to a significantly reduced temperature stability. A similar observation could be made for 7 of 8 volunteers in the cases where no blood suppression was applied. On the other hand a significantly increased CNR for 4 volunteers was coupled to a very high temperature stability in the ventricular septum (data not shown). In addition, Table 1 shows the spatial average and standard deviation of the temporal mean of temperature in the ventricular septum as the mean, minimal and maximal value over all volunteers for all blood suppression techniques. On average, mean temperatures of 0.2°C to 0.4°C have been measured for the different blood suppression techniques. The last acquired slice showed similar temperature stabilities and temporal averages of temperature as the central slice.

For the first slice, the acquisitions with IS and MSDE produced lower temperature stabilities than for the second and third slice. Considering the size of a catheter tip and the expected hot spot during a RF ablation procedure, a higher spatial resolution would be desirable. As the SNR directly influences the theoretically achievable temperature precision [26], a further reduction of the voxel size would result in a decreased temperature precision, if the associated signal loss is not compensated by other means. A potentially higher signal could, for example, be achieved by using available 32-channel cardiac coils.

Discussion

Increasing the SENSE acceleration factor could be beneficial, but again, the resulting signal loss would have to be compensated in order to maintain a sufficient temperature precision. Furthermore, longer echo times, corresponding to potentially higher temperature precisions and increased volume coverage, could be achieved by selecting smaller fields of view (FOV). However, established inner volume excitation techniques [30,31] method yielding a spatial average temperature stability in the ventricular septum of 2°C or better when combined with the TFE-EPI acquisition. Nevertheless, the application of inflow saturation slabs remained time-consuming and care had to be taken to avoid saturation of the spins included in the volume excited by the pencil beam. Furthermore, as IS is based on the inflow effect, the blood suppression efficacy in every slice depended on the distance of the saturation slab from the image stack, the exact blood velocity, and the slice order. In our setup, blood suppression was always more effective in the last acquired slice.

MDIR: Multi-slice DIR achieved good blood suppression over all slices leading to an average temperature stability of 3°C when used with a TFE sequence.

However, it suffered from long scan times as a result of the necessary inversion delay limiting the slice number to 2 to 3 for typical cardiac frequencies (ranging from 0.8 Hz to 1.2 Hz for the presented volunteers). Furthermore, in our implementation, the combination with EPI readout led to severe image artifacts.

This may be due to the fact that the EPI phase correction data was acquired prior to the inversion delay. It is acquired once at the beginning of a dynamic series of images by switching off the phase encoding gradients. However, if motion occurs between the acquisition of the phase correction data and the acquisition of the actual image, the resulting images will contain artifacts due to uncompensated residual phase offsets between the acquired k-space lines. A catheter tip in contact with the myocardium is likely to cause additional susceptibility artifacts, and hence lead to a further deterioration of the image quality [33]. If these problems are resolved, multi-slice DIR could become a candidate for blood suppression during MR thermometry using TFE sequences with or without EPI acceleration.

MSDE:

The application of MSDE for blood suppression resulted in an average temperature stability of 3°C or better. However, due to its sensitivity to B 0 and B 1 inhomogeneities, large variations in the blood suppression performance were observed. This is also because for a chosen gradient strength, only one particular blood velocity is completely suppressed. As this technique also reduces the signal The results confirmed that blood suppression is beneficial for MR thermometry of the heart as indicated by the improved temperature stability in the myocardium.

This is most likely due to a combination of reduced partial volume effects at the myocardium-blood interface and to a better performance of the motion correction algorithms when presented with images with improved myocardium-cavity delineation. The observed average temperatures showed a large spatial variation and represent thus no systematic but random temperature offset.

Based on the average temperature stabilities and SNR/CNR values in the ventricular septum, IS in combination with TFE-EPI was the preferred combination for the presented implementation.

Image Quality

The measured SNR/CNR values in the ventricular septum indicated that the applied blood suppression was able to significantly increase the CNR between the myocardium and the cavity. It was also found that the application of blood suppression typically leads to an increased SNR in the ventricular septum. As all blood suppression methods are designed to cancel the signal of moving spins whilst also tissue spins may not remain completely unaffected, this result seems counterintuitive. This result may be attributed to a decreased spatial standard deviation of the signal, potentially as a result of reduced partial volume effects with blood and reduced flow artifacts.

Motion correction

The applied affine algorithm for the compensation of in-plane motion was still Table 1: Spatial average of the temperature stability <σ T > and the temporal average of temperature <µ T > in the ventricular septum including the spatial standard deviations for all blood suppression techniques and the two tested sequences. Shown are the average values for all volunteers, as well as the minimal and maximal values found in the group of volunteers. This data is taken from the second slice. The size of the ROI's varied between 95 and 294 voxels with an average value of 175 voxels.

  from 50 to 85 beats/min. For effective fat suppression in the presence of B 1 inhomogeneities, spectrally-selective adiabatic inversion recovery (SPAIR, inversion time 90 ms) was applied before each slice acquisition. A RF-spoiled transient field echo (TFE) sequence (T R = 7.3 ms, T E = 4.6 ms, flip angle = 26-30°, bandwidth/pixel = 291 Hz, FOV = 350 x 280 x 8 mm³, matrix = 100 x 80) with http://mc.manuscriptcentral.imaging acceleration (SENSE) of 4 was tested.
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Figure 1 :

 1 Figure 1: a) Illustration of the TFE sequence using the MSDE blood suppression preparation including fat suppression and pencil-beam navigator. b) Positioning of the image acquisition within the cardiac cycle (RR-interval) for a pre-defined trigger delay (TD) and 3 slices leading to a dynamic scan time t dyn .

Figure 2 :

 2 Figure 2: Magnified magnitude images for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE, and IS.

Figure 3 :

 3 Figure 3: Mean value over all volunteers of the temporal average of the SNR and CNR according to equation (1) together with the corresponding standard deviations for the different blood suppression techniques and the two different sequences for the central slice. Negative CNR values indicate a hypo-intense myocardial signal as compared to the signal of the blood in the cavity. The data was retrieved from ROI's in the ventricular septum using all 800 dynamic images for each combination of acquisition sequence and blood suppression technique. The size of the ROI's varied between 95 and 294 voxels with an average value of 175 voxels.

Figure 4 :

 4 Figure 4: Magnified magnitude images with an overlay of the temperature stability σ T for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE and IS. The data has been retrieved from the 100 dynamic images acquired for this specific volunteer.

Figure 5 :

 5 Figure 5: Magnified magnitude images with an overlay of the temporal average of temperature µ T for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE and IS. The data has been retrieved from the 100 dynamic images acquired for this specific volunteer.

Figure 6 :

 6 Figure6: Box-and-Whisker plots of the spatial distribution of the temperature stability σ T in the ventricular septum for the acquisitions without blood suppression (no BS), DIR, MSDE and IS for the central slice. Shown are the values of the temperature stability which are exceeded by 10%, 25%, 50%, 75% and 90% of the voxels in the chosen ROI. The plots have been created from the combined data of all volunteers (in total 800 dynamic images). The size of the ROI's varied between 95 and 294 voxels with an average value of 175 voxels.

Figure 7 :

 7 Figure 7: Example of the temperature evolution for TFE-EPI with IS for one volunteer, central slice. Shown are the graphs for three different voxels at characteristic locations in the ventricular septum as shown as white points on the magnitude image on the left.
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  minimum of 3 slices per cardiac cycle could be acquired without a compromise on the spatial resolution. Due to time constraints an in-plane resolution of 3.5 mm² was chosen and signal considerations led to the selection of a 8 mm slice thickness. Even though fat suppression is necessary for PRF thermometry in organs like liver or kidney, this is not the case in the myocardium, as the fat content and chemical shift effects are negligible. However, the signal from subcutaneous fat in the field of view resulted in considerable artifacts in the center of the field of view due to the SENSE reconstruction. Therefore, fat suppression was applied for all experiments.Imaging protocolImaging was performed on a 3T MR system (Achieva, Philips, Best, The Netherlands) using a 6-channel surface cardiac coil. Respiratory through-plane motion was compensated with a slice-tracking technique that used a pencil-beam navigator placed on the right diaphragm to adjust the image slice position in realtime. All acquisitions were VCG-triggered, with a trigger delay (T D ) set to the longest available value (between 109 ms and 699 ms) depending on the used blood suppression technique and the cardiac frequency of the volunteer, ranging from 50 to 85 beats/min. For effective fat suppression in the presence of B 1 inhomogeneities, spectrally-selective adiabatic inversion recovery (SPAIR, inversion time 90 ms) was applied before each slice acquisition. A RF-spoiled transient field echo (TFE) sequence (T R = 7.3 ms, T E = 4.6 ms, flip angle = 26-30°, bandwidth/pixel = 291 Hz, FOV = 350 x 280 x 8 mm³, matrix = 100 x 80) with imaging acceleration (SENSE) of 4 was tested. In order to further accelerate the acquisition while maintaining a reasonable echo time for MR thermometry phase accumulation, a RF-spoiled TFE-EPI sequence (T R = 11 ms, T E = 6 ms, flip angle = 26-30°, bandwidth/pixel = 217 Hz, FOV = 350

  the blood velocity. The value of v enc was adjusted on each volunteer between 20 cm•s -1 and 40 cm•s -1 (corresponding to m 1 of 16 mT•m -1 •ms to 8 mT•m -1 •ms). It was adapted by varying the gradient strength while the length of the preparation

The 6 15 Page

 615 coefficients of the affine transformation (two translations, two scales, a rotation, a shear) leading to the highest correlation with the reference image were stored for each image of the time series. Images containing artifacts due to erroneous navigator slice tracking were identified by calculating the Pearson intercorrelation coefficient C 0,n between each image and the first image of the time series. A rejection criterion was introduced such that images with C 0,n < 0.7 were removed for further evaluation. In 7 of the 64 dynamic imaging series (100 images each), 2 to 27 images (on average 9 images) containing artifacts from erroneous slice tracking were detected and removed.Evaluation of the image qualityR3.

R2. 1

 1 Figure 2a-d show typical magnitude images of the central slice obtained on the same volunteer without blood suppression and using MDIR, MSDE and IS (from left to right). All three blood suppression techniques in combination with TFE

Figure 7

 7 Figure 7 shows an example graph of the temperature measured in three different characteristic points in the ventricular septum for the IS technique and volunteer 5, central slice. The temperature remained stable and was shifted by approximately 0.7°C, 1.5°C and 1.9°C for the three different points. The temperature graphs confirm that the temporal standard deviation of temperature increased for the points closer to the interface with the lungs and the liver as already stated above.
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 15 in the myocardium, as already small deformations or residual flow effects could cause false pixel displacements in the myocardium. The temperature calculation during RF heating may be severely biased by the resulting false displacements. A local motion estimation algorithm [35] may be helpful, but may produce false corrections when presented with insufficient flow suppression. Hence, the development of more elaborated motion correction techniques will be the subject of future work. In 7 of the 64 dynamic imaging series (100 images each), 2 to 27 images (on average 9 images) containing artifacts from erroneous slice tracking were detected and removed. The removal of images containing artifacts represented a necessary processing step since Wwithout image rejection, temporal standard deviations of temperature above 20°C were measured proving the necessity of this processing step for accurate thermometry in the heart. The presented results for the temperature stability in the myocardium resulted from a combination of several effects including the quality of the motion and phase correction algorithms, the accuracy of the applied navigator slice tracking technique, and the efficiency of the applied blood suppression methods. As a result, they allowed only limited statements about the respective contributions of each parameter onto the temperature stability. Finally, the conclusions of this paper are based on the precision of MR thermometry in the absence of heating. Hence, future work should further explore the presented method during RF heating. Conclusions PRFS-based cardiac MR-thermometry at 3T using a TFE-EPI sequence with inflow saturation blood suppression could achieve average temperature stabilities of 2°C or better in the ventricular septum, in combination with cardiac triggering, navigator respiratory compensation, parallel imaging, and a motion compensation and multi-baseline susceptibility correction algorithm. For this setup, inflow R3.Katscher U, Börnert P, Leussler C, van den Brink JS. Transmit sense. Magn. Res. Med. 2003; 49:144-150. [35] Denis de Senneville B, Mougenot C, Moonen C. Real time adaptive methods for treatment of mobile organs by MRI controlled high intensity focused ultrasound. Magn. Res. Med. 2007; 57:319-330.
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 1 Figure 1: a) Illustration of the TFE sequence using the MSDE blood suppression preparation including fat suppression and pencil-beam navigator. b) Positioning of the image acquisition within the cardiac cycle (RR-interval) for a pre-defined trigger delay (TD) and 3 slices leading to a dynamic scan time t dyn .
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 2 Figure 2: Magnified magnitude images for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE, and IS.
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 35 Figure 3: Mean value over all volunteers of the temporal average of the SNR and CNR according to equation (1) together with the corresponding standard deviations for the different blood suppression techniques and the two different sequences for the central slice. Negative CNR values indicate a hypo-intense myocardial signal as compared to the signal of the blood in the cavity. The data was retrieved from ROI's in the ventricular septum using all 800 dynamic images R3.3, R3.5
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 4 Figure 4: Magnified magnitude images with an overlay of the temperature stability σ T for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE and IS. The data has been retrieved from the 100 dynamic images acquired for this specific volunteer.
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 5 Figure 5: Magnified magnitude images with an overlay of the temporal average of temperature µ T for TFE (a-d) and for TFE-EPI (e-h) for one volunteer, central slice. From left to right: without blood suppression (noBS), MDIR, MSDE and IS. The data has been retrieved from the 100 dynamic images acquired for this specific volunteer.
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 6 Figure6: Box-and-Whisker plots of the spatial distribution of the temperature stability σ T in the ventricular septum for the acquisitions without blood suppression (no BS), DIR, MSDE and IS for the central slice. Shown are the values of the temperature stability which are exceeded by 10%, 25%, 50%, 75% and 90% of the voxels in the chosen ROI. The plots have been created from the combined data of all volunteers (in total 800 dynamic images). The size of the ROI's varied between 95 and 294 voxels with an average value of 175 voxels.
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 7 Figure 7: Example of the temperature evolution for TFE-EPI with IS for one volunteer, central slice. Shown are the graphs for three different voxels at characteristic locations in the ventricular septum as shown as white points on the magnitude image on the left.
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Table 1 :

 1 Spatial average of the temperature stability <σ T > and the temporal average of temperature <µ T > in the ventricular septum including the spatial standard deviations for all blood suppression techniques and the two tested sequences. Shown are the average values for all volunteers, as well as the minimal and maximal values found in the group of volunteers. This data is taken from the second slice. The size of the ROI's varied between 95 and 294 voxels with an average value of 175 voxels.

		TFE				TFE-EPI		
	noBS	MDIR	MSDE	IS	noBS	MDIR	MSDE	IS
	<σ T > [°C] 3.0±1.6 3.1±1.8 2.5±1.2 2.8±1.7 2.4±1.2 2.0±0.9	4.2± 9.2 1.6±0.6
	<σ T > min [°C] 1.7±0.3 1.6±0.6 1.4±0.4 1.5±0.5 1.6±0.4 1.7±0.4	1.4± 0.3 1.2±0.2
	<σ T > max [°C] 4.9±0.8 6.2±1.8 4.1±1.4 4.8±2.4 3.6±1.8 3.6±0.9 16.6±22.7 2.3±0.9
	<µ T > [°C] 0.4±1.1 0.6±0.9 0.0±1.0 0.7±1.0 0.2±0.9 0.3±1.0 0.5±13.5 0.4±0.7
	<µ T > min [°C] -0.5±0.8 -0.4±0.6 -0.8±0.7 -0.3±1.0 -0.5±0.7 -1.2±0.5 -1.0±0.6 -0.7±0.4
	<µ T > max [°C] 1.7±0.8 1.5±0.5 1.3±0.4 1.7±0.7 1.0±0.8 1.5±0.6	1.2±0.7 1.1±0.3
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	central slice. Statistically significant improvements of the temperature stability in comparison to the acquisition without blood suppression could be observed for all R e v i e w	R3.6
	three blood suppression techniques in 3 of 8 cases for MSDE, in 5 of 8 cases for MDIR, and in 7 of 8 cases for IS (p < 0.05) (data not shown). Unlike the acquisitions using TFE without EPI readout, IS blood suppression performed significantly better than MDIR in 5 of 8 cases and than MSDE in 7 of 8 cases (p < O n l y	R2.1,R2.2, R2.3
	0.05), as confirmed in the Box-and-Whisker plots in Fig. 6, which represents the	
	combined evaluation over the ROI's of all volunteers. Among the cases with	
	reduced temperature stability as compared to the acquisition without blood	
	suppression, remarkable poor temperature stabilities were calculated for MDIR for	
	1 volunteer, and for MSDE for 3 volunteers. This manifested itself also in	
	substantially decreased average temperature stabilities, as presented in Table 1,	
	where for the mentioned cases values of up to 16.9°C±22.9°C could be observed.	
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	were limited, leading to a reduced temperature precision. Combining this	
	sequence with an EPI readout led to a significant acceleration and reduced intra-	
	scan motion, but the EPI readout was intrinsically more sensitive to susceptibility	
	artifacts. The TFE-EPI sequence achieved on average better temperature	
	stabilities in the ventricular septum, and enabled higher volume coverage and	
	longer echo times.	
	The applied imaging protocol for MR thermometry required a compromise between	
	spatial resolution, volume coverage, overall scan time and signal. In this study, a spatial resolution of 3.5x3.5x8mm³ covering 3 slices was chosen in order to allow P r e e a temporal resolution of one heart beat, yielding an average SNR of 15.	
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	Imaging protocol	
	A direct comparison of the two applied sequences (TFE and TFE-EPI) is not	
	straightforward as several factors have to be taken into account. The TFE	
	sequence was robust against motion artifacts and B 0 inhomogeneities while	
	suffering from longer acquisition times. As a result, the achievable echo times	
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	are usually based on inversion techniques which are not compatible with gradient echo imaging for MR thermometry. Other n l y	
	approaches using tailored RF pulses have been successfully tested, for example	
	in 3D carotid imaging [32], but have not yet been applied to MR temperature	
	imaging. The use of saturation slabs for the FOV reduction is possible with	
	gradient echo sequences, but leads to an increased acquisition time.	
	Blood suppression techniques	
	IS: In terms of blood suppression, inflow saturation appeared to be the most robust	
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	from all bulk motion, in some cases, the signal of the myocardium was reduced as
	well, leading to a degraded CNR between myocardium and cavity. General signal
	loss in the myocardium may be overcome by applying B 1 shimming [34] prior to
	the measurement, and by choosing different gradient amplitudes in the three
	encoding directions.
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