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A B S T R A C T

High intensity focused ultrasound (HIFU) is a non-invasive therapy that induces heat in a small, 
localized volume of cancerous tissue without damaging neighbouring vital structures and cells. 
Precise targeting and treatment monitoring is typically achieved by pairing HIFU with an imaging 
modality such as magnetic resonance imaging (MRI). The most commonly used MRI pulse 
sequence for detecting HIFU thermal lesions is the T2-weighted fast spin echo (T2W-FSE) pulse 
sequence as it provides good contrast between normal and coagulated tissue. The drawbacks of 
the T2W-FSE pulse sequence are the manifestation of ringing artifacts and the loss of spatial 
resolution due to the signal modulation in k-space caused by the T2 decay. The inverse Fourier 
transform (IFT) multiplication scheme aims to remove the signal modulation by incorporating an 
inverse filter, which is an inverse of the signal modulation trend present in the k-space, to reduce 
the effects of T2 decay and improve image quality. In this study, four inverse filters (named as 
regular, narrow, wide, and compound) were developed and implemented on T2W-FSE MR images 
of ex vivo porcine muscle tissue with HIFU induced thermal lesion using a 0.55 T benchtop MRI 
research system (Pure Devices, Rimpar, Germany). Offline processing and enhancement of MR 
images of ex vivo porcine muscle tissue with HIFU induced thermal lesion using the narrow filter 
yielded the largest improvements of 13.8 ± 2.5 %, 17.0± 2.3 %, and 14.4± 1.1 % in lateral and 
axial spatial resolutions, and lesion signal-to-noise ratio (SNR), respectively, compared to the 
original images. Our results indicate an amplification of the signals in k-space and a reduction in 
the exponential signal modulation caused by T2 decay. These results also indicate the potential of 
the IFT multiplication scheme as an image processing method to improve thermal lesion 
detectability in MR-guided HIFU procedures.

1. Introduction

Approximately two in five Canadians are diagnosed with cancer during their lifetimes [1] and are usually treated by a combination 
of surgery, chemotherapy, and radiation therapy [2]. Thermal therapy is a minimally or non-invasive alternative cancer treatment that 
uses heat to destroy cancer cells without damaging adjacent vital structures and cells [3,4]. Thermal ablation is a type of thermal 
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therapy which involves increasing the tissue temperature to above 50 ◦C to destroy cancer cells [3]. Examples of minimally invasive 
thermal therapy modalities are radiofrequency (RF), microwave (MW), and laser because they require the percutaneous insertion of 
probes into the target tissue [3]. A more favourable non-invasive thermal therapy is high intensity focused ultrasound (HIFU), which 
focuses sound waves into a small focal region inside the body where the intensity at the focal point becomes high enough to raise the 
temperature above 50 ◦C and induce therapeutic effects [3]. This is typically achieved by placing a spherically concave ultrasound 
transducer, which has an impedance matching layer on its surface, along with coupling gel applied to the skin surface, ensuring 
efficient transmission of sound waves into the body [3].

Image guidance is fundamental in thermal therapy to ensure accurate targeting of the region-of-interest (ROI) as well as for 
treatment monitoring [5]. Ultrasound and magnetic resonance imaging (MRI) are two common imaging modalities used for precise 
targeting and treatment monitoring of HIFU procedures [6]. Compared with ultrasound, MRI has better spatial resolution and provides 
higher quality images of bone and soft tissue [7]. In addition, MRI utilizes a quantitative tissue thermometry method that can enhance 
the control and monitoring of HIFU thermal therapy [8].

T2-weighted fast spin echo (T2W-FSE) is the most widely used MRI pulse sequence to detect thermal lesions as it provides good 
lesion contrast in a short acquisition time [9,10]. However, the limitations of this pulse sequence are the manifestation of blurring or 
ringing artifacts and the loss of spatial resolution due to the signal modulation in k-space caused by the T2 decay [11]. Specifically, the 
T2 decay results in an exponential decrease in the MR signal after each 180 ◦ RF pulse [12], yielding a stairlike weighting function in 
k-space [13,14].

The discontinuity and exponential decay of the resulting stairlike weighting function cause ringing artifacts and a loss of spatial 
resolution in T2W-FSE MR images, respectively [11–14]. Although the T2 decay occurs in both the readout and the phase-encoding 
directions, the effect of T2 decay in the readout direction is negligible because the readout time is significantly shorter compared 
to the time between the first and last echo in the T2W-FSE pulse sequence [15]. Hence, the ringing artifacts and spatial resolution loss 
occur primarily in the phase-encoding direction [16].

With this understanding, a correction method was developed to remove ringing artifacts and improve the loss of spatial resolution 
caused by the T2 decay [15]. The method involves multiplying a filter function and a step exponential function to the phase-encoding 
direction to remove the discontinuity and decay of signals in k-space [15]. The successful application of the correction method by Zhou 
et al. in removing ringing artifacts and improving the spatial resolutions of MR images of water phantoms [15] has motivated this study 
toward using the correction method on MR images of ex vivo tissues with HIFU induced thermal lesions.

Although the research is grounded in an established method, which primarily focused on MR microscopy [15], we have developed 
and implemented a more simplistic method aimed at MR-guided thermal therapy procedures, as simpler and more efficient methods 
are more likely to be translated into clinical practice due to their ease of implementation and compatibility with existing workflows. 
The primary distinction between the previously established method and our method lies in its simplicity. Our method uses only an 
exponential function and involves fewer steps to reduce the effects of T2 decay. Additionally, MR images were optimized prior to 
implementing our method to further explore opportunities for image quality enhancement. In contrast, parameters in the established 
method were deliberately set to produce images with poor resolution and artifacts. Lastly, a quantitative image analysis was performed 
on MR images using image quality metrics to determine improvements in thermal lesion detectability and the successful imple-
mentation of this study will result in an enhanced MR imaging technique for the detection of HIFU thermal lesions in tissue.

2. Materials and methods

2.1. HIFU heating of ex vivo porcine muscle tissue

Porcine muscle tissue is frequently used in research as a substitute for human tissue due to its close anatomical and physiological 
similarities [17]. In this study, fresh ex vivo porcine muscle tissue acquired from a local grocery store was submerged in degassed water 

Fig. 1. Experimental setup for high intensity focused ultrasound (HIFU) heating of ex vivo porcine muscle tissue (left panel: picture, right panel: 
block diagram). A single channel function generator is connected to a radiofrequency (RF) amplifier to drive the HIFU transducer. The resulting 
focused ultrasound field propagates through water and a tissue sample to a focal point within the sample. The tissue sample was submerged in 
degassed water that was maintained at a clinically relevant temperature (37 ◦C) using a water heater. An acoustic absorber is placed behind the 
tissue sample to minimize acoustic reflections.
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for 12 h in a 4 ◦C fridge to remove its gas content. The degassed ex vivo porcine muscle tissue was cut into samples of 7 cm × 7 cm × 3 
cm (length × width × thickness) and was placed in a heated water bath (Neslab, Newington, NH, USA) at 37 ◦C for an hour to maintain 
a clinically relevant temperature.

The acrylic water tank used for this experiment contained a HIFU transducer (Imasonic, Voray sur l’Ognon, France) mounted on its 
sidewall to direct focused ultrasound energy horizontally into the tank (Fig. 1). Once the water tank was filled with degassed water, 
which was heated to 37 ◦C using a water heater (Thermo Fisher Scientific, Waltham, MA, USA), a 3D printed sample holder containing 
the tissue sample was submerged in the water tank to align the centre of the tissue sample with the focal point of the HIFU transducer. 
Inside the water tank, an acoustic absorber was placed behind the sample holder to minimize acoustic reflections from the opposite 
side wall of the tank.

The HIFU transducer was a single element therapeutic transducer with a centre frequency of 1 MHz and a focal length and aperture 
diameter of 100 mm and 125 mm, respectively. A single-channel function generator (AFG3101; Tektronix, Beaverton, OR, USA) and an 
impedance matching circuit delivered a 275 mV peak-to-peak (mVpp) input voltage to the HIFU transducer for heating ex vivo porcine 
muscle tissue. In burst mode, the 1-MHz input pulses were delivered as 1000-cycle bursts at a 50 % duty cycle for 30 s and amplified 
using a radio frequency (RF) amplifier (AG1012; T&C Power Conversion, Inc., Rochester, NY, USA). The load power, which is forward 
power minus reflected power, was determined by connecting the function generator and amplifier in continuous mode to a 50 Ω 
dummy load, an electrical device that simulates an electrical load and safely dissipates the load power energy as heat.

In this configuration, a 77 W load power measured by the amplifier represented the maximum power delivered to the HIFU 
transducer. Therefore, the effective load power was 38.5-W at a 50 % duty cycle. In addition, since the efficiency in converting electric 
power to acoustic power was 63.9 % [18], the output acoustic power of the HIFU transducer was 24.6 W. This focused acoustic power 
generated thermal lesions in four tissue samples. An acoustics computational model developed in COMSOL Multiphysics (COMSOL 
Multiphysics, Stockholm, Sweden) simulated this HIFU heating, yielding an average lesion temperature of 56 ◦C. Lesioned tissues were 
cut into 6 mm diameter samples and imaged one-by-one while inside the 10 mm diameter bore of a benchtop MRI research system 
(Pure Devices, Rimpar, Germany). The MRI system consisted of a control unit and a permanent magnet operating with a static 
magnetic field strength of 0.55 T. The imaging parameters of the T2W-FSE pulse sequence were eight echo train lengths (ETL) with 36 
averages for a 128 × 128 matrix at an echo time (TE) of 6 ms and a slice thickness of 3.5 mm. Here, ETL is the number of 180◦ pulses in 
a T2W-FSE pulse sequence [12], and TE is the time between the RF pulse and the peak of the MR signal [19]. Subsequently, a correction 
method was implemented, and a quantitative image analysis was performed to assess its improvement in image quality, as will be 
described in the next section.

2.2. Implementation of IFT multiplication scheme

Our correction method, also known as the inverse Fourier transform (IFT) multiplication scheme is a two-step process: 1) in the 
phase-encoding direction of k-space, we multiply an inverse filter, which represents the inverse of the exponential signal modulation 
caused by T2 decay, to the signal modulation itself (Fig. 2), and 2) apply a 2D IFT to the resultant signal to produce enhanced MR 
images. The exponential T2 decay causes a loss of signal modulation near the periphery of k-space (Fig. 2a), thereby worsening spatial 
resolution [15]. Therefore, multiplying the signal modulation by an inverse function should improve spatial resolution while pre-
serving image contrast near the centre of k-space. The inverse filter was derived by taking the inverse of the signal modulation, 
resulting in exponential growth functions starting from the centre of k-space (Fig. 2b). Multiplying the inverse filter in the 
phase-encoding direction of k-space mitigates the exponential signal modulation (Fig. 2c).

In practice, the amplitude limits of the inverse filter (1–3, Fig. 3b) are arbitrarily set above the range of the measured signal 
modulation in k-space (0.1–0.7, Fig. 2a). The lower limit occurs at the centre of k-space, which determines the contrast of MR images 
[20]. A value of 1 ensured that the centre of the resultant k-space (Fig. 3b) remained unchanged after multiplication. Note that 
choosing a lower limit below 1 would decrease the signal in the centre of k-space, resulting in reduced contrast. The upper limit occurs 
at the periphery of k-space, which determines the spatial resolution of the image [20]. Although a high upper limit increases spatial 
resolution, it also increases the image noise level because the inverse filter amplifies both the signal and the noise [15]. After images 

Fig. 2. Inverse Fourier transform (IFT) multiplication scheme. (a) The signal modulation in k-space was measured, exhibiting an exponential decay 
of signals in the phase-encoding direction of k-space caused by T2 decay. (b) The inverse of the signal loss - the inverse filter - was derived for each 
line in the frequency encoding direction of k-space. (c) The IFT multiplication scheme effectively mitigated the signal modulation observed in the 
phase-encoding direction of k-space.
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were captured at various upper limits, it was determined that 3 was an optimal upper limit for our study due to the inherent trade-off 
between spatial resolution and signal-to-noise ratio (SNR).

The inverse of normalized signal decay caused by T2 decay, S, was curve fit to an exponential function in the phase-encoding 
direction in k-space (ky) to determine its amplitude, C, and width, a, while β = 1: 

S=C · exp±βa(− ky) (1) 

where Equation (1) is our proposed inverse filter. Optimization of S required finding a filter width that maximally amplified the signals 
and eliminating the exponential decay of signals in k-space caused by T2 decay. Three filter widths (Fig. 3b) were evaluated: regular 
(β = 1), narrow (β = 0.5), and wide (β = 2). In addition, since compounding techniques are frequently used to reduce speckle image 
noise [21], a compound filter was made by taking the k-spaces multiplied by all three filters (regular, narrow, and wide) individually 
and averaging them into a single k-space. Fig. 3c shows the resultant k-space after implementing the IFT multiplication scheme using 
various widths of the inverse filter. A 2D IFT was subsequently applied to yield the original T2W-FSE MR images as well as MR images 
enhanced by IFT multiplication scheme.

In summary, our IFT multiplication scheme consists of two steps: 1) multiplying the IFT multiplication filter – the inverse of the 
signal loss caused by T2 decay – to k-space, and 2) applying a 2D IFT to produce MR images. Fig. 4 is a flowchart of the IFT multi-
plication scheme.

2.3. Quantitative image analysis

A quantitative image analysis was performed to measure the thermal lesion detectability of MR images. A ROI was defined in the 
thermal lesion and another ROI with the same geometry and size was defined in the normal tissue to calculate various image quality 
metrics including lesion contrast, lesion SNR, tissue SNR, and lateral and axial spatial resolutions [22].

Lesion contrast is given by the equation: 

lC=(Ilesion − Itissue) / Itissue (2) 

where Ilesion and Itissue represent the average signal intensities, i.e., MRI image pixel intensities, of the thermal lesion and the normal 

Fig. 3. Inverse filter at various widths and the resultant k-space. In the inverse Fourier transform (IFT) multiplication scheme, (a) the original 
k-space is multiplied with (b) various inverse filters to reduce the effects of T2 decay in the phase-encoding direction of k-space where (c) is the 
resultant k-space after the multiplication of the respective widths of the inverse filters.
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tissue within the ROI, respectively [23].
Lesion SNR is a simplified image quality metric to assess the detectability of a target (e.g., a HIFU thermal lesion) given by: 

lSNR= lC · tSNR ·

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Al

SRlateral · SRaxial

√

(3) 

where tSNR = Itissue/σtissue represents tissue SNR, and Itissue and σtissue are the average and standard deviation of the signal intensity of the 
normal tissue within the ROI, respectively [23]. Al, the lesion area, was given a fixed value of 2.25 mm2 (1.5 mm × 1.5 mm). A 
conservative value was chosen because the induced HIFU thermal lesion makes up 2–3 mm of a given 6 mm tissue sample. This fixed 
area ensured that Al only consisted of HIFU thermal lesion for a given sample and the size of the ROI defined in the normal tissue was 
also given the same fixed area of 2.25 mm2 (1.5 mm × 1.5 mm). The spatial resolutions in the lateral and axial directions (SRlateral and 
SRaxial) are determined using the full width at half maximum (FWHM) of the line spread function (LSF) in the respective direction. LSF 
is derivative of the edge spread function (ESF), which is an acquisition of the signal intensity along a high contrast edge [24,25]. 
Finally, the quantitative image analysis results of the enhanced MR images were compared to the original T2W-FSE MR image to 
determine the improvement in the detection of HIFU thermal lesions.

3. Results

3.1. HIFU heating of ex vivo porcine muscle tissue

HIFU acoustic power of 24.6 W was focused into an ex vivo porcine muscle tissue sample, which was later bisected to reveal 
coagulated tissue at the HIFU focal point (Fig. 5). During HIFU heating, the affected tissue reached a cytotoxic temperature that led to 
protein denaturation and coagulative necrosis, thereby causing a color change from pink to white [8,26-28]. In addition, the structural 
changes caused by protein denaturation, and the tissue dehydration caused by rising tissue temperature, collectively stiffened the 
coagulated tissue [8,29].

Fig. 4. Flowchart of the inverse Fourier transform (IFT) multiplication scheme. The scheme compensates for signal decay by calculating an inverse 
filter based on the decay and multiplying it to the k-space. A 2D inverse Fourier transform is then applied to reconstruct the final enhanced MR 
image, improving image quality by mitigating the effects of T2 decay.

Fig. 5. An ex vivo porcine muscle tissue sample was exposed to a high intensity focused ultrasound (HIFU) acoustic power of 24.6 W for 30 s. A 
white circular cross-section corresponding approximately to the diameter of the HIFU focal point in the centre of a mostly homogeneous tissue 
sample is a HIFU thermal lesion with a diameter of 4 mm (arrow).
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3.2. T2W-FSE MR image acquisition of ex vivo porcine muscle tissue

Prepared tissue samples were imaged using the T2W-FSE pulse sequence with the benchtop MRI research system. The MR images 
consist of a hyperintense normal tissue and a hypointense thermal lesion (Fig. 6). Thermal lesions appear hypointense in MR images 
because the T2 relaxation time is linearly proportional to water content [30]. Coagulative necrosis, which leads to the creation of 
thermal lesions, involves the denaturation of proteins and tissue dehydration [31]. Therefore, the coagulated tissues have a lower 
water content than normal tissue and consequently, shorter T2 relaxation time, thereby appearing hypointense in T2W-FSE MR images 
[9,32,33]. Fig. 6a shows the original T2W-FSE MR image of one of the four prepared tissue samples. Fig. 6c–f presents enhanced MR 
images using the regular, wide, narrow, and compound inverse filters, respectively. Image quality metrics – lesion contrast, lesion SNR, 
tissue SNR, and spatial resolutions – were calculated for these images.

3.3. Quantitative image analysis

Quantitative analysis of the image quality metrics of the original and enhanced MR images will determine the extent to which the 
various inverse filters improve the MR images. Specifically, this analysis quantifies the lateral and axial spatial resolutions, lesion 
contrast, tissue SNR, and lesion SNR. The percentage improvements in these image quality metrics of the enhanced MR images were 
compared to those of the original MR images, and the significance of each improvement was evaluated using the t-test statistical 
analysis. The analysis was conducted using four tissue samples, and the results reported are the average improvements across these 
four samples. Furthermore, a one-way analysis of variance (ANOVA) was performed to determine if there is a statistically significant 
difference between the image quality metrics of enhanced MR images using the various filters.

3.3.1. Spatial resolution
The spatial resolution of an MR image is determined by plotting the signal intensities along a high contrast edge (Fig. 7a), 

calculating their spatial derivative along the edge (Fig. 7b), and finally measuring the FWHM of the spatial derivative (Fig. 7c). For all 
MR images, the FWHM calculated in the lateral and axial directions represents the lateral and axial spatial resolutions. All four filters 
showed significant improvements (p < 0.05) in the lateral and spatial resolutions of the enhanced MR images, where the narrow filter 
yielding the largest improvements of 13.8 ± 2.5 % and 17.0± 2.3 %, respectively (Fig. 8). This noticeable improvement indicates that 

Fig. 6. One of four data sets of tissue sample with high intensity focused ultrasound (HIFU) induced thermal lesion. (a) Photograph of tissue sample 
where (i) is normal tissue and (ii) is thermal lesion. (b) Original T2-weighted fast spin echo (T2W-FSE) MR image, and enhanced MR images using 
the (c) regular, (d) wide, (e) narrow, and (f) compound inverse filters where normal tissue appear hyperintense and thermal lesion appear 
hypointense.
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Fig. 7. Calculation of axial spatial resolution of original MR image. (a) The signal intensity is acquired along a high contrast edge of the image (red 
line – not to scale) to acquire (b) an edge spread function (ESF), and (c) its derivative, the line spread function (LSF), whose full width at half 
maximum (FWHM) (green line) is the axial spatial resolution of the MR image.

Fig. 8. Summary of percentage improvement of four tissue samples with high intensity focused ultrasound (HIFU) induced thermal lesion. Average 
and standard deviation of percentage improvement of image quality metrics of lesion contrast, lesion signal-to-noise ratio (SNR), lateral and axial 
spatial resolution, and tissue SNR of enhanced MR images compared to the original T2-weighted fast spin echo (T2W-FSE) MR image have 
been calculated.
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the exponential signal loss caused by T2 decay, which results in a loss of spatial resolution, is compensated by the inverse filter. 
Furthermore, the upper limit of the range of the filter, which is multiplied to the periphery of k-space, amplifies the signals of the high 
spatial frequencies responsible for determining the spatial resolutions of MR images [20]. However, one-way ANOVA showed that 
there was no statistically significant difference between the improvements provided by the different filters (p > 0.05).

3.3.2. Lesion contrast
Lesion contrast of MR images was determined by taking the difference of the average signal intensity of the thermal lesion and the 

normal tissue within the ROI over the average intensity of the normal tissue within the ROI (Equation (2)). The lesion contrasts of 
enhanced MR images using the regular, wide, narrow, and compound inverse filters were comparable to the original T2W-FSE MR 
image (Fig. 8) and to each other, with no statistically significant differences observed (p > 0.05). This was expected because the lower 
limit of the range of the filter was purposely set to 1, ensuring that the signal in the centre of k-space, responsible for contrast of MR 
images, remains unaffected [20].

3.3.3. Tissue signal-to-noise ratio (tSNR) and lesion signal-to-noise ratio (lSNR)
Tissue SNR (tSNR) is an image quality metric used to calculate lesion SNR (lSNR) (Equation (3)). Compared with the original T2W- 

FSE MR image, enhanced MR images had significantly lower calculated tSNR values of p < 0.05 with the narrow filter yielding the 
largest average reduction of − 10.3 ± 1.5 % (Fig. 8). The loss in tSNR is inevitable because the inverse filter is applied to both the signal 
and the noise present in k-space, whereas the T2 decay only affects the signal in k-space. Therefore, there is an inherent trade-off 
between tSNR and spatial resolutions because tSNR decreases with smaller lateral and axial spatial resolutions. Although tSNR is 
proportional to lSNR, we found that enhanced MR images had significantly higher lSNR values (p < 0.05) compared to that of the 
original MR image. Specifically, the MR image enhanced with the narrow filter yielded the largest average lSNR increase of 14.4± 1.1% 
(Fig. 8). Lesion SNR improved because it depends on lesion contrast, spatial resolutions, and tissue SNR (Equation (3)). Therefore, tSNR 
reduction was more than offset by higher lesion contrast and smaller lateral and axial spatial resolutions, yielding a net increase in 
lSNR [15]. However, the differences in both tSNR and lSNR across the various filters were not statistically significant (p > 0.05).

4. Discussion

Compared to the original T2W-FSE MR image of normal and coagulated tissues, MR images enhanced using inverse filters showed 
improved image quality metrics, whose percentage improvements represent average values of high contrast areas across different 
tissue samples. T-test analyses evaluated the significance of the improvements, where the enhanced MR images exhibited: 1) higher 
lesion SNR, 2) lower tissue SNR, 3) smaller lateral and axial spatial resolutions, and 4) comparable lesion contrast. However, when 
comparing the performance of the filters themselves, the differences were not statistically significant (p > 0.05), indicating that no 
single filter was significantly better than the others. Despite this, it is worth noting that the narrow filter exhibited the highest per-
centage improvements in several metrics, suggesting that it may provide slightly better results.

Fig. 9. Horizontal line plots (top, along y = 0) and vertical line plots (bottom, along x = 0) of one tissue sample illustrate differences in signal 
intensity between the original and enhanced MR image. The highest signal intensity is observed in enhanced MR images using the narrow filter, 
followed by regular, compound, and wide filters. All four tissue samples exhibited the same trend in their respective line plots.
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The improvement in image quality metrics for enhanced MR images with the regular filter indicates that the T2 decay has been 
effectively compensated for through the application of the inverse filter to the phase encoding direction of k-space.

The compounding filter was intended to reduce speckle noise in the images [21]. However, the image quality metrics for enhanced 
MR images with this filter yielded lower values compared to those obtained with the regular filter. The limited improvement observed 
with the compound filter is likely because the compounding technique is more commonly utilized in ultrasound images [34]. 
Furthermore, the width of the compounding filter was similar to that of the regular filter, resulting in comparable results for the MR 
images with both filters. This observation is consistent with Fig. 3, which illustrates that the k-space with the application of the 
compound filter is comparable to that of the k-space with the application of the regular filter.

MR images with the narrow filter exhibit the most noticeable improvement, likely due to the multiplication of a larger area under 
the narrow filter compared to the regular filter. This results in more amplification of signals in k-space. Therefore, the narrow filter not 
only amplifies the signals in k-space, but also effectively eliminates the signal modulation in k-space caused by the T2 decay. This was 
expected because the signals amplified the most, especially in the periphery of k-space, when the narrow filter was implemented 
(Fig. 3).

On the other hand, the wide filter has the smallest area under the inverse filter and consequently, a smaller area of signal 
amplification in k-space (Fig. 3). This results in an ineffective compensation for the exponential signal modulation in k-space caused by 
the T2 decay. As a result, MR images with the wide filter showed the least improvement in image quality metrics.

These findings are further supported by the line plots, acquired along the horizontal and vertical axes of the MR images. Fig. 9
depicts horizontal and vertical line plots of one tissue sample, but the same trend was observed for all tissue samples with the largest 
signal intensities occurring in the enhanced MR images with the narrow filter followed by regular, compound, and wide filters. It is 
important to note that the line plot of the compound filter is not visible due to its close proximity to the line plot of the regular filter. 
These line plots correlate to the percentage improvement of the image quality metrics, as the average and the standard deviation of the 
signal intensity in the ROI of the thermal lesion and the normal tissue were used to calculate the image quality metrics with the narrow 
filter showing the most improvement followed by regular, compound, and wide filters.

The main limitation of our developed methodology is that only three filter widths (β = 0.5,1, and 2) were considered. Further-
more, our study was limited by the small tissue size (6–7 mm diameter) requirement and a relatively low magnetic field strength of 
0.55 T of the research MRI scanner. These limitations necessitated the cutting of tissue samples into small dimensions and resulted in a 
weaker SNR, respectively. Implementing the method in a clinical MRI with a typical static magnetic field strength of 1.5 T–3 T would 
allow imaging of larger tissue samples with clinically relevant dimensions, yielding a larger SNR and allowing an overall further 
improvement in image quality. Additionally, this method could be further investigated with MR imaging at higher acoustic power of 
HIFU, making it more clinically relevant and potentially useful for clinical application. Finally, thermal diffusion is another factor that 
was not accounted for in our study. The heat can spread beyond the focal point, leading to a gradual transition rather than a clear 
boundary between the treated and untreated tissues [35]. This diffusion can be monitored in real-time using MR thermometry, which 
allows for precise temperature mapping around the treated area [36]. A future study could involve implementing our methodology 
with MR thermometry to investigate whether this provides an improvement in defining treatment boundaries.

5. Conclusion

In summary, the optimal choice for effectively addressing T2 decay in correcting the exponential decay of signals in the phase- 
encoding direction of k-space appears to be the utilization of the inverse of the signal modulation. Specifically, our results demon-
strate that, among the filters studied in this work, the narrow inverse filter best amplifies the signals and eliminates the exponential 
signal modulation in k-space caused by the T2 decay, leading to the largest improvements in image quality metrics and consequently, 
in thermal lesion detectability. This suggests the potential translation of the IFT multiplication scheme to the clinic as a method to 
enhance the detection of thermal lesions in MR-guided HIFU procedures.
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