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Abstract

The purpose of this work was to evaluate high resolution echo-planar spectroscopic magnetic 

resonance imaging of normal and pre-cancerous prostatic changes in a transgenic mouse line. 

Simian virus large T-antigen transgenic male mice (n = 7, age = 34 ± 3.7 weeks) with prostatic 

hyperplasia and intraepithelial neoplasia (PIN) were studied. High spectral and spatial resolution 

(HiSS) MRI of the water proton signal was compared to the FID integral image and conventional 

gradient echo and spin echo imaging. Water peak-height images of the prostate produced from 

HiSS datasets showed improved contrast-to-noise ratio (p < 0.03), and greater morphological 

detail (p < 0.004) based on texture analysis. Despite the high spectral resolution of the HiSS 

datasets, signal-to-noise ratio compared favorably with that of the FID integral and conventional 

images. Lobular features in HiSS images of older mice were consistent with hyperplasia seen on 

histology. A partially deuterated water-filled catheter was inserted in the mouse rectum for 

susceptibility matching between the colon interior and exterior to minimize image artifacts. These 

preliminary results suggest that HiSS MRI provides detailed morphology of the murine prostate 

and can detect early changes associated with the development of cancer. HiSS MRI of patients 

may have similar advantages.
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Introduction

Prostate cancer is the most frequently diagnosed cancer in men in the US, and the second 

leading cause of cancer-related death for this demographic (1). It is currently recommended 

by the American Urological Association and the American cancer Society that normal risk 

men 50 and over receive annual serum prostate specific antigen (PSA) screenings as well as 

digital rectal exams (1,2). While PSA screening is the current preferred method for early 

detection, its efficacy still remains in doubt (3). Current long term studies have yet to 
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demonstrate that it provides a clinically significant survival advantage for men (4,5). Use of 

PSA screening for early detection is limited by both false positives and false negatives (6).

Prostate imaging is a complimentary procedure to the PSA screening that could aid in 

rectifying these difficulties. Specifically, MRI provides excellent prostate images due to its 

strong soft tissue contrast (7). It has been shown to have greater sensitivity for the detection 

of prostate cancer than both digital rectal exams and transrectal ultrasound (8,9). In light of 

these findings, much work has been performed to validate and improve its performance. 

Protocols utilizing various combinations of T2 weighted, dynamic contrast enhanced, and 

diffusion weighted imaging have been developed and reported. These studies have yielded 

mixed results. High histological variability of benign prostate hyperplasia has been 

suggested as a possible reason for its inconsistent presentation in MR images (10). This 

inconsistency could limit MR’s ability to distinguish between benign prostate hyperplasia 

and prostatic adenocarcinomas (11-13). Detection rate of prostate cancer in medium and 

high-risk groups is significantly improved with use of endorectal coils (14). However, even 

with this improvement in signal detection, conventional imaging techniques still suffer from 

insufficient sensitivities and low negative predictive values (15). The addition of 

spectroscopic imaging to detect metabolic markers for cancer has potential applications for 

guiding therapy, but it has been reported to provide no statistically significant change in 

diagnostic accuracy when performed in conjunction with MRI (16).

Because of the limited sensitivity and specificity of conventional MRI of the prostate, we 

proposed the use of high spectral and spatial imaging (HiSS) to provide increased anatomic 

and functional detail (17-19). In conventional MRI, images are produced from a single point 

on the proton free induction decay. In high spectral and spatial resolution imaging, the entire 

proton free induction decay is sampled using chemical shift imaging (20), including echo-

planar spectroscopic imaging (21), and related methods. If the proton spectrum in each voxel 

is a single, smooth Lorentzian line, then fits of the time domain data (i.e. the FID) can 

produce T2* maps that provide excellent contrast. However the proton signal in vivo often 

contains significant contributions from water and fat. In addition, the water spectrum from 

each voxel is often shifted and/or inhomogeneously broadened due to local, subvoxelar 

variations in magnetic susceptibility (22-28). Therefore, it is advantageous to analyze the 

complicated proton signal from each voxel in the spectral domain, so that individual Fourier 

components of the water and fat resonances can be used to produce images (29). B0 maps 

derived from the resonance frequency of the peak of the water and fat resonances provide 

additional information. In conventional images, chemical shift artifacts from fat and 

consequent spectrally inhomogeneous broadening of the water resonance produce artifacts 

and degrade image quality (30). In images produced from the individual Fourier components 

of the water and fat resonances (including the water signal peak height), these artifacts are 

minimized, and local variations in magnetic susceptibility and chemical shift become a 

source of increased image contrast and information.

Past work has in this lab has demonstrated that echo-planar spectroscopic imaging (EPSI) of 

the water and fat proton resonance at high spectral/spatial resolution (HiSS) can increase 

contrast-to noise ratios (CNR) and while maintaining excellent signal-to-noise ratio (SNR) 

compared with gradient echo and spin echo images (31,32). Specifically, Du et al (32) 
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demonstrated advantages of water peak height images, produced from the peak amplitude of 

the water spectrum in each voxel, of mouse prostate tumors inoculated in the hind legs of 

male rats. Du et al also reported (32) qualitative improvements in HiSS water peak-height 

images of prostate cancer xenografts orthotopically implanted in Copenhagen rats. However, 

surgical implantation of tumor tissue is a highly invasive model and implanted tumors were 

very large. Other work demonstrated that HiSS water peak height images show in vivo 

anatomy with greater morphological detail than conventional MRI in rodent mammary 

tumors, rodent brain, and human breast (17,33,34). HiSS provides increased fat suppression 

in MR images of human breast (35,36) compared to conventional non-spectroscopic 

imaging techniques.

In the work described here, we evaluate HiSS MRI of orthotopic, spontaneously occurring 

rodent prostate cancer. Because of the importance of clinical MRI of the prostate, pre-

clinical models of prostate cancer have been used to aid development and testing of 

improved MRI methods. Recent pre-clinical research has focused on using transgenic mouse 

models for imaging prostate cancer with MRI (37-40). For example, Degrassi et al report the 

ability to discriminate between poorly and well differentiated adenocarcinomas in prostates 

of transgenic mice [simian virus 40 (SV 40) large tumor antigen (TAg) type] that have high 

rates of prostate cancer (40). Fricke et al report the use of a T1 weighted turbo RARE 3D 

pulse sequence at 7 T to determine the prostate volume of transgenic mice with promising 

results (39). While these studies provided valuable information, they focused on well 

defined advanced tumors (sizes ranging from 1.5 mm – 10+ mm) and the imaging methods 

were very similar to standard clinical methods.

In the present research, normal prostate and pre-cancerous changes in a transgenic line of 

male mice [Simian virus large T-antigen (SV40 TAg) type] were imaged. These mice have a 

recombinant gene expressing simian virus 40 early-region transforming sequences under the 

regulatory control of the rat prostatic steroid binding protein [C3(1)] gene (41). They 

develop prostatic hyperplasia early in life that progresses to adenoma or carcinoma in many 

animals after 7 months. This transgenic model is advantageous compared to other models, 

such as invasive xenografting of prostate tumor tissue that can distort and/or damage the 

normal anatomy, because adenocarcinomas developed are spontaneously occurring and are 

similar to the more poorly differentiated variants of human prostate carcinoma (42).

Artifacts associated with magnetic susceptibility differences between air in the mouse colon 

and the surrounding tissue were minimized with a partially deuterated water filled catheter 

inserted in each mouse’s rectum. The quality of conventional gradient and spin echo images 

were compared with water peak height images derived from HiSS datasets by calculating the 

signal-to-noise and contrast-to-noise ratios as well as performing texture analysis in the 

manually segmented prostate. In addition, images derived from spectral data were compared 

with images derived from time domain data, i.e. FID data. The mean area of the prostate in a 

single slice from each experiment was measured to track the growth of normal prostate. 

Histology was qualitatively compared with MRI to characterize the prostate and abnormal 

prostate growth.
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In this work, images produced with HiSS MRI are compared with to single gradient echo 

and spin echo images. While more sophisticated imaging methods may produce different 

and/or improved contrast, the comparison reported here was made to evaluate if contrast in 

HiSS images was qualitatively different from images produced from the most routinely used 

conventional acquisition techniques. T2*/T1 weighted gradient echo images are the 

conventional equivalent to the water peak height image produced from HiSS datasets, so this 

comparison was of particular interest.

Materials and Methods

Data Collection

Mouse prostate images were collected at 4.7 T using a Bruker BioSpec 33 cm horizontal 

bore scanner (Billerica, MA) with 20 cm bore self-shielded gradient coils (maximum 

gradient strength 100 mT/m). Experiments (n = 7) were performed using mice at 29 to 38 

weeks of age (3 mice were 30.3 ± 2.3 weeks; the other 4 were 36.8 ± 1.0 weeks). After the 

prostate was localized using a series of consecutive multi-slice, low-resolution gradient echo 

images [TR/TE = 675/25 ms, array size = 128 × 128, field of view (FOV) = 30 mm, in-plane 

resolution = 234 μm, slice thickness = 1.00 mm, flip angle = 30°, number of averages (NEX) 

= 2], ‘Fastmap’ (43) was performed on a ~1 cm3 voxel centered about the prostate to 

improve localized shimming to the second order. All imaging was respiratory-gated and 

collected with a small specialized home-built low-pass birdcage coil designed for mouse 

abdominal imaging (coil was an 8 leg, cylindrical design with a length and diameter of 3.2 

cm each). In order to easily compare images acquired with different pulse sequences, images 

were acquired at the same slice location with the same spatial resolution. Gradient echo and 

spin echo images were collected from a single slice per experiment with 117 μm in-plane 

resolution over a 30 mm field of view and 0.5 mm slice thickness. HiSS data was collected 

from the same slice, with the same spatial resolution, and with 3.1 Hz spectral resolution. 

Because all imaging was respiratory gated the minimum TR was determined by the 

respiration rate of the specific mouse; this was typically ~1200 ms (Gradient echo: TR/ TE = 

1100-1300/25 ms, array size = 256 × 256, flip angle = 30°, NEX = 2, receiver bandwidth = 

50 kHz. Spin echo: TR/TE = 2000-3000/40 ms, array size = 256 × 256, NEX = 2, receiver 

bandwidth = 50 kHz. EPSI: TR = 1100-1300 ms, echo spacing = 5.12 ms, array size = 256 × 

256 × 64, flip angle = 30°, NEX = 2, receiver bandwidth = 50 kHz). Note that while the 

acronym EPSI (or CSI when conventional spectroscopic imaging is employed instead) can 

be used to describe the spectral/spatial imaging protocol, the acronym HiSS is used here to 

specify that the data is acquired with high special and spectral resolution, and to differentiate 

this type of imaging from the more common, low resolution spectroscopic imaging of 

metabolites. The current approach could also be described as spectroscopic micro-imaging.

The spectral bandwidth of the resultant 3D HiSS dataset is ~195 Hz. Data collection timing 

was defined such that, after spectral aliasing, the fat peak was half the spectral bandwidth 

from the water peak. This ensured that the water and fat lines were separated for optimal 

discrimination.

All procedures performed on animals followed protocols approved by the Institutional 

Animal Care and Use Committee and were in compliance with the Animal Welfare Act and 
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NIH Guide for the Care and Use of Laboratory Animals. Mice were immobilized on a 

plexiglas board with vet wrap and tape and anesthetized with 1.5-2 % Isoflurane gas mixed 

with medical air (2 L/min) delivered through a mask. Temperature, ECG, and respiration 

rate were continuously monitored throughout each experiment (SA Instruments, Stony 

Brook, NY). Temperature was maintained using a warm air blower fed into the bore of the 

magnet.

To minimize blooming artifact around the colon in the images caused by air, a catheter filled 

with partially deuterated water was inserted in the rectum. This served to closely match the 

magnetic susceptibility between the interior of the colon and the surrounding tissue. The 

addition of deuterated water insured that the signal from water in the catheter did not 

overwhelm signal from the prostate.

Data analysis

Data was processed and analyzed using IDL (RSI, Boulder, CO). EPSI utilizes conventional 

excitation (in this study, gradient echo) followed by an oscillating, multi-lobed readout 

gradient train (20). This allows detection of the proton free induction decay (FID) as a 

function of time for each point in k-space. For the resultant HiSS dataset, each slice of 

complex raw data was reformatted into a three dimensional array (kx × ky × time).

In cases where the water signal is a single, decaying exponential (producing a pure 

Lorentzian spectrum after the Fourier transform along the time dimension) the data can be 

efficiently and accurately analyzed in the time domain to produce a T2* map. However, the 

proton signal in vivo has significant contributions from both water and fat, and in addition, 

the water spectrum is often inhomogeneously broadened, with asymmetric shoulders and 

partially resolved components (17). As a result, it is advantageous to analyze the data in the 

spectral domain. Therefore, 3D arrays were Fourier transformed in all three dimensions to 

produce two spatial and one spectral dimension (x × y × ν). A modulus water spectrum was 

produced for each image voxel. Spectral ghosting was removed by correcting both the 

misalignment and error in phase between the even and odd echoes (44) of the gradient echo 

train. Specifically, these errors are corrected by shifting the center of mass of the even and 

odd echoes to account for misalignment, followed by a zero-order phase correction applied 

to the odd echoes to minimize the intensity of spectral ghosts. Improved estimates of the 

frequency of the water peak were obtained with a frequency shifting method (34) and the 

spectral intensity baseline for each spectrum was estimated and subtracted (28). The 

amplitude of the water resonance is proportional to T2* and inversely proportional to T1. 

However, because the TR with respiratory gating is on the order of 1200 ms, the peak height 

images are often referred to as being strongly T2* weighted.

A second type of image was produced from the time domain data by Fourier transforming 

the raw 3D k-space/time HiSS dataset over the 2 k-space dimensions. The modulus of the 

complex 3D dataset was performed, producing a 3D dataset composed of a series of gradient 

echo images (the number of gradient echo images is equal to the number of lobes in the 

EPSI gradient echo train) with increasing TE. The sum of all gradient echoes in each HiSS 

dataset, sometimes referred to as a ‘collapsed’ image, which is the equivalent to integrating 

the FID for each point in space, was produced (45).
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SNR, CNR, and image texture were calculated over the segmented prostate ROI for each 

experiment; this was performed for all four image types. The prostate was identified by a 

urologist. An ROI segmenting the prostate was manually selected for each experiment. The 

SNR was defined as the mean signal over the prostate ROI divided by the standard deviation 

of the noise. CNR was defined as the difference of the SNR in a normal muscle ROI and that 

of the prostate. Mean SNR and CNR values were calculated over all experiments.

Texture analysis was performed using a surface area metric (46), defined as the ratio of the 

3D surface area (SA) of the plot of signal intensity vs. ‘xy’ position to its 2D projection area 

(A) onto the ‘xy’ plane (equation 1):

Eq. [1]

where I is the image intensity at pixel (x, y). Texture was calculated over the manually 

segmented prostate. IDL was used to determine partial derivatives, which were computed 

numerically with a 3-point, Lagrangian interpolation method.

An estimate in the change in size of the prostate as a function of age was calculated from the 

cross-sectional area of the segmented prostate ROI for each experiment. An average ROI 

size was calculated for younger and older mice (less than and greater than 34 weeks, 

respectively). This produced two groups of mice with a difference of approximately six 

weeks between mean ages.

Histology

After the final imaging experiment, each mouse was sacrificed and its urogenital tract was 

resected. The excised tissue was preserved and stored in formalin and sent to pathology for 

histological slide preparation. Tissue samples were H & E stained for cancerous cell 

identification and slides were qualitatively compared with images.

RESULTS

Deuterated Catheter

Figure 1 shows the results of HiSS imaging with and without the insertion of the partially 

deuterated water filled catheter inserted in the mouse rectum for magnetic susceptibility 

matching. Without the catheter (Fig. 1a), the region about the colon shows a significant 

decrease in signal that is not present when the catheter is inserted (Figure 1b). The effect of 

matching the susceptibility in the colon with the surrounding tissue minimizes signal loss 

and prevents potential occlusion of the prostate.

Histology

The prostate appears normal at 29 weeks whereas hyperplasia/prostatic intraepithelial 

neoplasm (PIN), a precursor to prostate adenocarcinoma, is predominant at 37 weeks. Figure 

2 shows representative histological slides of the prostate from mice at (a) 29 weeks and (b) 

37 weeks. Figures 2a and 2b were cut sagittaly and axially, respectively, through the 
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resected urogenital tract. PIN in older mice can be seen as clusters of lobular structures 

(tubuloalveolar glands) approximately 200 microns to 400 microns in diameter.

Water peak height images display small lobular features in the prostate with sizes on the 

order of the individual tubuloalveolar glands (~200-400μm) in Figure 2. These structures 

appear only within the prostate and were found more frequently in older mice (Figure 3b-c) 

than in younger (figure 3a). These features were not discernible in gradient echo and spin 

echo images (Figure 4).

Imaging Metrics

Mean CNR and SNR values for the pooled data from all experiments are reported in Figure 

5, independent of age. The mean CNR was greatest in the water peak height images (p < 

0.03, paired two-tailed Student’s t-test). Despite the fact that HiSS images were acquired at 

high spectral resolution, the signal-to-noise ratio compared favorably to that of the 

‘collapsed’ images and conventional images. In fact, under the conditions of these 

experiments, the mean SNR was greater than those of the three other image types (p < 0.002, 

paired two-tailed Student’s t-test). Visual inspection of the water peak height image suggests 

that it shows greater morphological detail than the corresponding gradient echo and spin 

echo images and the boundaries of the prostate are more clearly delineated.

A mean texture metric over all pooled experimental data of 4.48 ± 1.76 was calculated for 

the prostate in water peak height images, compared with 1.12 ± 0.08, 2.58 ± 0.99 and 1.87 ± 

0.60 for the ‘collapsed’, gradient echo, and spin echo images, respectively. This difference 

was statistically significant (p < 0.004, paired two-tailed Student’s t-test). Texture was 

inversely related to age; the correlation coefficients, R, were -0.77, -0.86, and -0.68 for water 

peak height, gradient echo and spin echo images vs. age. This was not found to be the case 

with the ‘collapsed’ image (R = 0.02).

Water peak height images show increased prostate size in mice over 34 weeks of age (mean 

ROI size = 25.02 ± 10.57 mm2) compared to mice less than 34 weeks of age (mean ROI size 

= 13.55 ± 2.46 mm2). This difference was statistically significant (p < 0.1 using a two-tailed 

unequal variance student t-test). The large standard deviation for the older mice is likely 

caused by poorly differentiated boundaries of the prostate. This reduces the statistical 

significance of this comparison with such small sample populations.

Discussion

Texture and contrast-to-noise ratio were greater in the water peak height images compared 

with gradient echo and spin echo images. Improvement in detection of morphological 

heterogeneity could lead to improved tissue differentiation and earlier detection of cancer. 

The results obtained here with HiSS MRI are consistent with previously reported in studies 

of implanted rodent tumors and human breast (17).

High spectral resolution was required to obtain the improvements in contrast and texture. 

Despite, this requirement, the signal-to-noise ratio of the HiSS images compared very 

favorably to that of conventional images. In fact, in the present experiments, signal-to-noise 
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ratio of HiSS images was greater than that of conventional images. However, this 

comparison was performed simply to test whether HiSS images had adequate signal-to-noise 

ratio, and is not meant to suggest an intrinsic signal-to-noise ratio advantage of HiSS.

Mean prostate ROI sizes indicate that the prostate grows significantly over many weeks; this 

result is in agreement with Fricke et al (39). The population size for each age group is small, 

so these results represent a preliminary finding that will require further investigation. In the 

present research only a single slice was scanned with HiSS in each prostate. An effort was 

made to ensure that the area of the prostate measured in each experiment came from 

approximately the same anatomical location in each mouse. This would minimize 

differences in prostate area associated with varying anatomical positions, but that is a 

potential source of error in our measurement. In future work 3D EPSI will be used to acquire 

HiSS data of the entire prostate so that the prostate volume can be determined.

Lobular structures, similar in size and shape to hyperplastic, tubuloalveolar glands seen on 

histology, are visible in HiSS prostate images. These structures were detected with 

increasing frequency in older mice (Figure 3). They have a relatively smooth appearance on 

MRI, and could be responsible for the observed decrease in image texture with age. These 

are qualitative observations, based on a small sample, and will require verification in a more 

extensive study with quantitative image analysis to objectively identify the lobules. 

Comparisons with other imaging techniques – such as fast spin echo methods, and diffusion-

weighted imaging - will also be necessary to further evaluate the potential advantages of 

images derived from HiSS datasets. However, the qualitative results suggest the possibility 

of using HiSS to detect very early prostatic changes associated with increased cancer risk, as 

well as early cancers.

Microscopic variations in magnetic susceptibility are a critical source of contrast in HiSS 

images. In order to detect these local susceptibility variations, macroscopic magnetic field 

gradients must be minimized. Discontinuous changes, such as tissue/air interfaces, have the 

effect of broadening the waterline and decreasing the water peak height; as is evident by the 

blooming artifact found in the colon of mice. The partially deuterated water filled catheter is 

a useful technique for overcoming this problem.

The HiSS images discussed here were produced from the peak amplitude of the water 

resonance in each image voxel. However, the detailed water spectrum associated with each 

image voxel provides other features that may have diagnostic utility. For example, Fourier 

components of the water resonance that lie away from the main water peak are a possible 

source of novel, clinically useful contrast (29). Shoulders and partially resolved Fourier 

components of the water line may be caused by deoxygenated blood in tumor neo-

vasculature (47,48), and thus may improve tumor vasculature detection.

In the present experiments, TR was determined by a slightly fluctuating respiration rate due 

to respiratory gating. This may have reduced image quality. In future studies intubation of 

the mice is planned so that a constant respiration rate can be maintained.

A number of other promising methods are currently being used or developed for prostate 

imaging. These include, for example, T1, T2, and diffusion-weighted imaging. The present 
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results suggest that HiSS MRI is a useful additional option and may provide complimentary 

information. An attractive feature of HiSS imaging is that it can be combined with other 

methods; for example, spin echo images can also be acquired with high spectral resolution.

Conclusion

We have demonstrated that, compared with conventional MRI, HiSS water peak height 

images of prostate have improved anatomical morphology and signal-to-noise and contrast-

to-noise ratios. This is consistent with previous findings. Lobular structures are detected on 

HiSS images that are consistent with prostate hyperplasia and tubuloalveolar gland 

distension. However, more quantitative analysis of these features in a larger number of 

prostates is required. These results were obtained in a realistic model of human prostate 

cancer. Unlike previous MRI studies of murine prostate cancer, the present research focused 

on MRI of normal prostate and early hyperplastic changes. HiSS scans can be acquired with 

reasonable run times in humans. Therefore, the results reported here have implications for 

clinical MRI of the prostate.
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PSA Prostate specific antigen

EPSI Echo-planar spectroscopic imaging

HiSS High spectral and spatial resolution imaging

SNR Signal-to-noise ratio

CNR Contrast-to-noise ratio

FOV Field of view

NEX Number of averages

PIN Prostatic intraepithelial neoplasia

PH Peak height

GE Gradient echo

SE Spin echo
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Figure 2. 
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