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Abstract

Purpose—To investigate the spatial, temporal and temperature resolution of a segmented

gradient echo echo-planar imaging (EPI) technique as applied to proton resonance frequency

(PRF) shift thermometry at 3 T in the human prostate gland, and to determine appropriate

sequence parameters for MRI-controlled transurethral ultrasound thermal therapy.

Materials and Methods—Eleven healthy volunteers (age range 23-58) were scanned at 3 T

with a 16-channel torso coil to study the behaviour of a gradient echo EPI thermometry sequence.

The temperature stability and geometric distortion were assessed for 11 different parameter sets.

In a further five volunteers, the prostate T2* was measured.

Results—For all scan parameters investigated, the temperature standard deviation within the

prostate was less than 1°C, while the distortion was less than 1 mm. Temperature stability was

best with higher TE values (up to 25 ms), larger voxel sizes and lower EPI factors, but this had to

be balanced against requirements for good spatial and temporal resolution. Prostate T2* values

ranged from 30 ms to 50 ms.

Conclusion—A good balance between temperature stability and temporal/spatial resolution is

obtained with TE = 15ms, voxel size = 1.14mm, and EPI factor = 9, resulting in a dynamic scan

time of 7.2 s for the nine slices.
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INTRODUCTION

The widespread use of prostate specific antigen (PSA) screening and biopsy means that men

diagnosed with prostate cancer are of younger age and have more favourable risk disease

(1). Although current treatments are effective at treating localized prostate cancer, they are

associated with significant long-term complications to sexual, urinary, and bowel function

(2). One approach to improve patient quality-of-life is to develop minimally-invasive,

image-guided treatments for localized prostate cancer, potentially transforming the

management of localized prostate cancer into an outpatient treatment with reduced

morbidity. High-intensity ultrasound energy can be delivered precisely to the prostate from

minimally-invasive devices inserted into the rectum or urethra (3,4,5,6). MR thermometry

can be used to monitor such treatments non-invasively by acquiring quantitative

measurements of the temperature distribution in the prostate and surrounding tissues

(7,8,9,10,11). This temperature information also has the potential to control the delivery of

energy from therapeutic devices and achieve a high degree of spatial treatment precision.

MRI-controlled transurethral ultrasound therapy uses high-intensity ultrasound energy from

a multi-element transducer inserted into the prostatic urethra to generate a pattern of thermal

coagulation that conforms to a target volume within the gland. Control over the heating is

achieved by using multiplanar MR temperature images as input to a feedback algorithm, and

requires a temporal resolution of a few seconds (12). In this context, there is a tricky balance

between spatial accuracy, rapid acquisition time, full coverage of the prostate, and

temperature accuracy (13). Typical gradient echo-based thermometry methods can achieve

the required multiplanar coverage and short acquisition times by decreasing TR and, thus,

TE but better temperature contrast is achieved when TE is closer to the T2* of the relevant

tissues (14). Gradient echo EPI methods for rapid MR thermometry (15,16,17,18) can

achieve short acquisition times with TE values in the 10-30ms range and have been shown

to be practical for temperature monitoring of externally focused ultrasound treatments in

vivo (19,20,21,22).

In this study, the performance of a segmented gradient echo EPI technique as applied to PRF

shift thermometry was assessed at 3 T in the prostate glands of healthy human volunteers.

The temperature stability was evaluated for different temporal and spatial resolutions and for

a range of echo times by calculating the pixel-by-pixel standard deviation in temperature

during a dynamic series of thermometry images. The magnitude of distortion found in EPI

thermometry images were also investigated. The ultimate goal was to determine which

segmented gradient echo EPI parameters meet the minimum requirements for MRI-

controlled transurethral ultrasound therapy at 3 T which are: a temporal resolution less than

10 s for the entire prostate, a spatial resolution 1-2 mm, and a temperature standard deviation

less than 1-2°C.

MATERIALS AND METHODS

Subjects

A total of 16 healthy male volunteers ranging in age from 23 to 58 underwent MR imaging

of the prostate gland after providing written informed consent for this study, which was
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approved by the institutional Research Ethics Board. Eleven volunteers participated in an

investigation of the effects of TE, EPI factor and spatial resolution on the temperature

standard deviation of MR thermometry. In five other volunteers, T2* mapping of the

prostate was performed. All MR imaging was performed on a 3T Achieva (Philips

Healthcare, Best, Netherlands; maximum gradient strength = 80 mT/m, maximum slew rate

= 200 mT/m/ms) using a 16-channel receive array (Philips SENSE XL Torso Coil).

Participants fasted overnight and used the washroom before the morning imaging sessions in

order to minimize artifacts arising from intestinal or prostate motion, or from susceptibility

effects due to gas in the rectum. Despite these precautions, temperature standard deviation

values as high as 5-10°C were observed in some volunteers, and the data of five participants

had to be discarded or only partially analyzed.

MRI protocol

Nine slightly oblique (15°) transverse images were acquired through the prostate gland of

supine subjects (Figure 1a). A previous human study at 1.5 T (23,24) determined that an

~15° rotation of the transverse plane about a right-left axis would orient slices

approximately perpendicular to the transurethral device. Full prostate treatment utilizes up to

nine collinear 5 mm ultrasound transducer elements, with the thermometry slices aligned

perpendicular to each element. A field-of-view (FOV) of 256 × 256 mm2 was sufficient

cover the body size of all volunteers in the AP direction, while the RL frequency encode

direction prevented wrap in that direction. Parallel imaging techniques were not investigated

in this study.

For the first eleven volunteers, a T2-weighted TSE anatomical scan (TR/TE = 3411 ms/120

ms, ETL = 26, slice thickness = 5 mm) was acquired, followed by a series of standard

Philips segmented gradient echo EPI thermometry sequences with 11 different parameter

sets (Table 1). Each thermometry scan consisted of a series of 20 dynamic sets of complex

images (Figure 1b,c) with scan times ranging from 2.87 s to 8.00 s. Nine of the eleven

thermometry scans were acquired with a matrix of 128 × 128 (voxel size 2.002 mm2), while

increased spatial resolution was investigated with matrices of 176 × 176 and 224 × 224

(voxel sizes 1.452 mm2 and 1.142 mm2, respectively). Although the prostate gland itself

contains little fat, all thermometry scans used a PROSET 1331 pulse to suppress fat, in order

to avoid the shifting of fat signal from outside the prostate into the gland by the EPI

chemical shift artifact. The use of PROSET limited the minimum slice thickness to 5.3 mm

and mandated an overlap of −0.3 mm in order to centre an MR slice on each 5 mm

transducer. To examine the effect of TE on the temperature standard deviation, five scans

were performed with an EPI factor of 9, TE values varying from 7 ms to 25 ms and a fixed

TR of 180 ms (for 9 slices) chosen to accommodate the largest TE value. Four scans were

performed to investigate EPI factors of 5, 9, 13, and 17; these scans used a fixed TE of 15

ms, a fixed phase encoding bandwidth of 66.8 Hz/pixel (the maximum possible at the

highest EPI factor) and the shortest possible TR value. Echo spacing ranged from 0.8 ms for

an EPI factor of 17, to 2.3 ms for an EPI factor 5. For all 11 parameter sets, the flip angle

was chosen to be the Ernst angle, assuming a prostate T1 of 1000 ms at 3 T (25). RF

spoiling was used for all thermometry scans, and the k-space acquisitons were symmetric.

Magnitude and phase images were reconstructed by linear combination of the separate coil
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data into a single channel, without using coil sensitivity maps. Parameters are summarized in

Table 1.

Data for T2* measurement was collected using a multi-echo gradient echo EPI sequence

with TR = 475 ms, flip angle = 75°, EPI factor = 9 and eight TE values (6.91 ms-87.41 ms).

The same nine slice geometry described above was used with a 224 × 224 matrix, resulting

in an in-plane resolution of 1.142 mm2. Scan duration was 63 s. The calculation of T2* maps

was performed using an analysis and fitting software package developed by Philips and

written in IDL (Interactive Data Language, Research Systems, Boulder, CO, USA). The

algorithm used in this software performed a least squares non-linear T2* fit on the complex

data, incorporating a correction for through-plane field gradients.

Temperature Standard Deviation Assessment

Temporal standard deviation maps were calculated for each of the thermometry scans. These

maps were indicative of the uncertainty of temperature over time and also gave a sense for

the spatial distribution of temperature uncertainty within the prostate gland. When no

heating is applied, the temperature standard deviation maps should ideally match the

theoretical temperature uncertainty calculated directly from the phase difference (based on

Equation 1 below) .

The first step in calculating the temperature standard deviation maps was to calculate a

temporal series of temperature maps using the dynamic series of phase images (26):

[1]

where α is the PRF coefficient of −.0095 ppm/°C(16,18,26), γ is the proton gyromagnetic

ratio, Bo is the magnetic field, and TE is the echo time. The first five dynamic phase image

sets were averaged to calculate a baseline phase image φo, which was then subtracted from

subsequent phase images φ(t) to create 15 dynamic temperature maps ΔT(t). Temporal phase

unwrapping was also performed during this calculation.

Voxels with a signal-to-noise ratio (SNR) below 10 were masked out in all images in order

to remove voxels with unreliable phase information from the analysis. Noise for this

calculation was estimated from the difference of magnitude images adjacent in time because

the torso filled almost the entire FOV. The average temperature in the masked temperature

maps was used to correct for temperature drift over time. Temperature standard deviation

maps were created by calculating, on a voxel-by-voxel basis, the standard deviation of the

temperature over all images in the dynamic time series using in-house MATLAB code

(Mathworks Inc., Natick, MA, USA). Thus one standard deviation map encapsulates the

behaviour over the entire time series for the slice in question

Regions of interest (ROI's) were drawn on the standard deviation maps in the prostate

region, avoiding any localized artifacts from motion or air in the rectum. This approach

focused on the effects of sequence parameters while avoiding confounding issues such as

physiological motion and susceptibility artifacts. The mean value of the voxels within the
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ROI indicated the mean temperature variation in the region, while the standard deviation of

voxels within the ROI provided an error estimate and also reflected the spatial variation of

temperature. This analysis was performed for all slices containing significant amounts of

prostate tissue and an average was calculated over slices, weighted according to the number

of voxels selected in each slice.

Spatial Distortion Assessment

The measure of distortion used was based on Zeng et al (27), whereby the distorted image

density ρ1 can be expressed as a function of the undistorted density ρ by

[2]

where γ is the proton gyromagnetic ratio, ΔB is the field inhomogeneity, Δt is the time

between adjacent points along kx, T is the time between adjacent ky lines, Δkx and Δky are

the kx and ky step sizes respectively. Since in EPI sequences T>>Δt, the distortion along y

will dominate:

[3]

where BWpe is the bandwidth in the phase encoding direction, yres is the spatial resolution in

the phase encoding direction, and Δφ(x,y) is the spatially unwrapped phase difference at

location (x,y) arising from the spatial field inhomogeneity ΔB(x,y).

ROI's covering the whole prostate were defined on magnitude images and then applied to

spatially unwrapped phase images at each time point of the dynamic series. Eq 3 was used to

determine the distortion Δy in mm at each voxel, and the difference between the maximal

positive and the minimal negative displacement values was calculated for voxels within each

ROI for each member of the dynamic series. The resulting maximal distortion values were

averaged over points in the dynamic time series to yield an average distortion metric and

associated standard deviation. The calculation was performed using thermal map and

distortion analysis tools developed by Philips Finland and written in IDL. To obtain a single

value for each subject, a weighted average over all slices containing significant prostate

volume was calculated.

RESULTS

Figure 2 shows a series of typical temperature standard deviation maps (top row) for one

volunteer compared to the equivalent anatomical T2-weighted TSE images (bottom row).

The prostate temperature standard deviation is very low throughout the prostate, despite

considerable intensity variation in the anatomical images. Near the bladder and rectum

however, artifacts from air and motion can cause much greater temperature standard

deviation (white arrows in Fig 2).
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Temperature standard deviation results are shown in Figure 3(a, b) where different symbol

colors indicate the averaged results for each of the volunteers whose data could be analyzed.

For all cases the temperature standard deviation was less than 1°C. Temperature standard

deviation decreased with increasing TE (Fig 3a) in this range of echo times (7-25 ms). Since

TR was constant in this part of the study, the magnitude image SNR and scan time was

approximately constant for TE values. If this constraint were removed and minimum TR

was prescribed for each TE, the results might be somewhat different, and as well, any

improvements in temperature standard deviation with increasing TE would have to be

balanced against the increased scan time. A gradual increase in temperature standard

deviation occurred with increasing EPI factor (Fig 3b) but values remained ≤ 0.5°C for all

four EPI factors. A weak trend toward increased distortion with increased EPI factor was

observed (Fig 3c) but, in all cases, the distortion was in the sub-millimetre range.

Temperature standard deviation maps for in-plane resolutions of 2.00 mm, 1.45 mm and

1.14 mm (Fig 4a-c) indicate that as the voxel size decreased, the prostate boundaries became

better defined but the temperature standard deviation increased. The graph in Fig 4d shows

the latter effect quantitatively for the 6 volunteers (different colours) whose data were

available for analysis. Temperature standard deviation increased with decreasing voxel size

but notably remained less than 1°C even for the smallest voxel size evaluated (1.14 mm).

Figure 5 shows a typical T2* map of a prostate, as well as a graph of the average T2* for

each of the five volunteers. This average was calculated over the prostate volume, avoiding

the rectum. From this data, it is clear that there is considerable T2* inhomogeneity within

any given the prostate, as well as amongst the different volunteers. Averaged T2* values

ranged from 30 to 50 ms, with standard deviations of 15-25%.

DISCUSSION

The temperature standard deviation decrease observed with increasing TE is consistent with

prostate T2* values of 30-50 ms measured in five volunteers (Fig 5). However, the

significant variation in T2* observed would suggest that a single optimal TE value for all

prostates cannot be found. Although the lowest temperature standard deviation should be

obtained with TE ≈ T2* (14), the values are already quite low at TE = 20 ms and changing

slowly. Increasing TE to 35-50 ms would probably yield only modest improvements in

temperature standard deviation (<10%), while requiring significantly longer (~50%)

acquisition times.

For the scans with varying EPI factor, the minimum TR value and fixed phase encoding

bandwidth was used in each case, resulting in shorter readout duration and lower magnitude

image SNR as the EPI factor increased. The increase in temperature standard deviation

observed (Fig 3b) with increasing EPI factor can thus be accounted for. In choosing an EPI

factor, a balance must be struck between the shorter scan times obtainable with higher EPI

factors and the greater temperature accuracy characteristic of lower EPI factors.

Another important factor to consider when evaluating EPI factors is spatial distortion. Based

on Eq 3 and the fact that yres, TE and the phase encoding bandwidth were fixed for all four
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EPI factors investigated, it is not surprising that very little change in distortion with EPI

factor was observed. In this study, a common phase encoding bandwidth was chosen to

accommodate the highest EPI factor used. It would have been possible to use higher phase

encoding bandwidth for the lower EPI factors, resulting in even smaller geometric

distortions for those values. Conversely, at higher EPI factors, the maximum available phase

encoding bandwidth would necessarily decrease as the time needed for the entire readout

train increased, resulting in higher spatial distortions for very high EPI factors. For the

purposes of this study, the important point is that for all EPI factors studied, the distortion

was less than 1 mm (Fig 3d), which is less than the dimension of the smallest pixel used.

Low distortion values are not unexpected because the prostate is a relatively small organ

well-centered in the magnet and FOV. Variation between subjects is most likely due to local

artifacts caused by intestinal motion and rectal gas.

Typical temperature standard deviation maps for three different voxel sizes are shown in Fig

4. With increasing spatial resolution, the boundaries of the prostate are more clearly defined,

which is valuable in the monitoring and successful execution of thermal treatment,

particularly when using feedback control. The acquisition time increases with spatial

resolution, however, and increases in both the magnitude of the standard deviation and its

spatial variation are also apparent. There is clearly a trade-off between the good spatial

definition of the prostate boundaries seen with small voxels versus the penalties of larger

temperature standard deviations and longer acquisition times. These data strongly suggest

that the voxel sizes as low as 1 mm2 can be used without the temperature standard deviation

exceeding 1°C.

In several volunteers for this study (30-40%), artifacts arising from rectal gas and faeces

were significant enough to make reliable temperature measurement difficult or impossible.

The typical artifact was a dipolar field at the prostate-rectum interface, which led to strongly

wrapped phase extending into the prostate. In some cases this was present in all images,

while in other cases the effect was transient in time or present only on some slices. It was

strong enough to correspond to temperature increases of up to 10°C, sometimes extending

across the entire prostate. However, excellent thermometry results were achieved in over

half of the minimally prepared volunteers of this study, and artifacts should be less likely in

cancer patients undergoing transurethral thermal for several reasons. Patients will have

spinal anaesthesia, and the presence of the transurethral applicator and an endorectal cooling

device (ECD) will also tend to stabilize and immobilize the prostate. Because the water-

filled ECD will lie adjacent to the prostate in the rectum, the air interface and associated

phase changes will be translated away from the gland itself. Finally, patients will undergo a

more thorough pre-treatment preparation than was the case for the volunteers in this study,

including an enema and the administration of antispasmodic medication to suppress

gastrointestinal activity.

For fixed spatial resolution, the use of parallel imaging would cause the temporal resolution

to increase, but the SNR to decrease by a factor of g*√R, where R is the acceleration factor

and g is the geometry factor. The geometry factor would also introduce some level of

inhomogeneous noise to the images. The choice of whether to accept the reduction in SNR

in return for greater temporal resolution will depend on the application. For example,
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parallel imaging might not be attractive for focal transurethral treatment of small volumes

where overall treatment times are short (eg < 30 min) and accuracy is more important than

high temporal resolution. However, in other applications where very high temporal

resolution in thermometry is an important consideration, parallel imaging would definitely

enhance the treatment process and should be investigated.

One limitation of this study was that coil sensitivity data was not used during image

reconstruction. The use of this data in future work will improve magnitude SNR and image

homogeneity, thus leading to lower and more spatially uniform temperature standard

deviations throughout the prostate. Another limitation was that the T1 value of 1000 ms

assumed in calculating the Ernst angle is significantly lower than the values found in (25),

which were around 1600 ms. The use of flip angles based on a more realistic T1 value could

lead to further reductions in the observed temperature standard deviation.

In previous work at 1.5T using spoiled gradient echo sequences for thermometry (23,24), the

minimum temperature standard deviations achievable were 1.0°C to 1.5°C with three 10 mm

thick slices, and thermometry with practical update times was not possible for 5 mm slices.

Some of the improvement obtained here was due to the move from 1.5 T to 3.0 T and some

is also due to the use of an EPI-based acquisition strategy where TE values closer to T2* are

possible while also keeping temporal update rates acceptable.

In conclusion, for all sets of scan parameters and for all volunteers, the temperature standard

deviation within the prostate was less than 1°C, while the distortion was less than 1 mm.

Because temperature standard deviation within the prostate was ≤ 1°C under all conditions,

the choice of scan parameters involves a balance amongst low temperature standard

deviation , acquisition time and spatial resolution. A good choice would be a voxel size of

1.14 mm (for good spatial resolution), TE = 15 ms, and EPI factor = 9. This parameter

choice gives a dynamic scan time of 7.2 s for the nine slices, which is suitable for use in

MRI-controlled multiplanar transurethral ultrasound treatment of the prostate gland at 3.0 T.
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Figure 1.
a) Sagittal image of the pelvic region, showing typical location and orientation of imaging

slices. b) Magnitude and c) phase thermometry images cropped to show region around

prostate.
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Figure 2.
Typical temperature standard deviation maps for a series of prostate slices (top row) and

equivalent T2w anatomical images (bottom row). The white arrows indicate locations in

bladder and rectum where the temperature standard deviation is high due to physiologic

motion or susceptibility from air.
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Figure 3.
Average temperature standard deviation as a function of (a) TE and (b) EPI factor.

Distortion as a function of EPI factor is shown in (c). In these plots, each symbol color

represents results for a different volunteer, averaged in each case over a prostate volume

ROI. Values for constant parameters are indicated on each plot.
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Figure 4.
Temperature standard deviation maps with in-plane spatial resolutions of (a) 2.00 mm, (b)

1.45 mm and (c) 1.14 mm. A plot of temperature standard deviation as a function of voxel

dimension is shown in (d). The different colours indicate data from separate volunteers. In

all cases, TE = 15 ms and the EPI factor is 9.
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Figure 5.
Average prostate T2* for five different volunteers (left). Typical T2* map (right).
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Table 1

Parameters for gradient echo EPI thermometry scans.

Parameter of influence TR (ms) TE (ms) Flip Angle EPI factor Bandwidth (Hz/pix)
* Matrix Voxel size (mm) Dynamic Time (s)

TE

180 7 33.4 9 114.4 1282 2.00×2.00 6.55

180 10 33.4 9 72.4 1282 2.00×2.00 6.55

180 15 33.4 9 72.4 1282 2.00×2.00 6.55

180 20 33.4 9 72.4 1282 2.00×2.00 6.55

180 25 33.4 9 72.4 1282 2.00×2.00 6.55

EPI Factor

137 15 29.3 5 66.8 1282 2.00×2.00 8.00

132 15 28.8 9 66.8 1282 2.00×2.00 4.77

130 15 28.6 13 66.8 1282 2.00×2.00 3.42

129 15 28.5 17 66.8 1282 2.00×2.00 2.87

Voxel Size
132 15 28.8 9 66.8 1762 1.45×1.45 6.14

132 15 28.8 9 66.8 2242 1.14×1.14 7.18

Parameters common to all scans: field of view = 256 mm, 9 slices, slice thickness = 5.3 mm, slice gap = −.3 mm.

*
Bandwidth in the phase encoding direction
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