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Abstract

Purpose—To develop and validate a post-processing correction algorithm to remove the effect of
the inhomogeneous reception profile of the endorectal coil on MR spectroscopic imaging (MRSI)
data.

Materials and Methods—A post-processing algorithm to correct for the endorectal coil reception
effects on MRSI data was developed based upon theoretical modeling of the endorectal coil reception
profile and of the spatial saturation pulse profiles. This algorithm was evaluated on three-dimensional
(3D) MRSI data acquired at 3T from a uniform phantom and from 18 patients with known or
suspected prostate cancer.

Results—For the phantom data, the coefficient of variation of metabolite peak areas decreased 16%
to 46% and the peak area distributions became more Gaussian with correction, as demonstrated by
higher Q-Q plot linear correlations (R2 = 0.98 + 0.007 vs. R2 = 0.89 + 0.066). Across the 18 patients,
the mean coefficient of variation for suppressed water decreased significantly, from 0.95 + 0.18, to
0.66 = 0.11, (P < 1075, paired t-test) and the linear correlations of the Q-Q plots for the suppressed
water increased from R2 = 0.91 to R% = 0.95 (P = 0.0083, paired t-test) with correction.

Conclusion—An algorithm for reducing the effect of the inhomogeneous reception profile in
endorectal coil acquired 3D MRSI prostate data was demonstrated, illustrating increased
homogeneity and more Gaussian peak area distributions.
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Prostate cancer strikes one in six American males. It is the second leading cause of cancer death
in men (1). The decision as to how best to manage individual prostate cancer patients is a
difficult dilemma. Prostate cancer is one of the only cancers that can grow so slowly that it will
never threaten some patients. However, if in others the cancer escapes the prostate, it becomes
incurable. A noninvasive method that could identify, localize and characterize prostate cancers
in terms of their malignancy would be an extremely valuable tool for the clinical management
of prostatic disease. With recent advances in targeted radiation therapy (2), localization is
particularly important for treatment planning.
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MRI and MR spectroscopic imaging (MRSI) have been shown to be useful for detecting and
staging prostate cancer and for evaluating treatment response (3-8). Numerous studies, both
in vivo and ex vivo have demonstrated significantly higher choline/citrate peak area ratios than
normal peripheral zone (4,9). Atrophy such as that which occurs after hormone or radiation
therapy has been demonstrated as a loss of metabolites and a potential biomarker of effective
therapy (8).

Due to the deep location of the prostate gland within the body, its small size, and its complex
anatomy, clinical spectroscopic studies of the prostate are difficult. To obtain the high signal
to noise and high spatial resolution necessary for MRSI of the prostate, endorectal coils have
been used (3,4,10). However, this small coil placed at one side of the prostate exhibits a very
nonuniform reception profile. While relative choline to citrate peak area ratios correct for the
reception profile and can be used to assess cancer, this does not provide information about
individual metabolite levels throughout the prostate. These individual metabolite levels may
vary due to differing amounts of atrophy or degree of cancer or potentially Gleason grade of
cancer (5). However, they may vary due to the nonuniform reception profile of the endorectal
coil.

The current MRSI acquisition method incorporates a point resolved spatial spectroscopy
(PRESS) selection, very selective saturation (VSS) pulses (11), three-dimensional (3D) phase
encoding, and an endorectal coil inhomogeneous reception. These result in varying metabolite
levels and can adversely affect interpretation of the spectra. The inhomogeneous reception
profile of the endorectal coil is the largest of these artifacts. A method to remove or reduce this
artifact would improve interpretation, so that variations can be attributed to biology or
pathology rather than location relative to the endorectal coil. Additionally, such a method could
be useful for facilitating interpretation as spectra from different parts of the prostate would not
need to be scaled differently to ensure visualization of the peaks.

The goal of this study was to develop and validate a post-processing correction algorithm to
remove the effect of the inhomogeneous reception profile of the endorectal coil on PRESS
selected, spatially saturated, 3D MRSI data.

MATERIALS AND METHODS

Phantoms and Subjects

A uniform phantom comprised of 5.9 mM choline, 12.4 mM creatine, and 32.5 mM citrate in
solution was scanned and MRSI data analyzed. The subject population was comprised of 18
consecutive subjects selected from our database based on the criteria of no prior prostate cancer
therapy and an estimated prostate volume <50 cc (mean = 27.4 + 11.2 cc). This size criteria
was used to decrease the variability in spectral metabolites due to biological variability from
extensive benign prostatic hyperplasia (BPH) and to have sufficient cases in which the
peripheral zone extended anteriorly within the prostate (i.e., not compressed posteriorly and
laterally by central gland BPH), thus emphasizing the effect of the endorectal coil reception
profile. Written informed consent was obtained from all subjects following a protocol approved
by the Committee on Human Research at this institution. The subjects’ mean age was 57 £ 7
years old, ranging from 43 to 71 years old. A total of 16 of the subjects had biopsies positive
for prostate cancer, with Gleason Scores ranging from Gleason 2 + 3 to Gleason 4 + 4 with a
median Gleason Score of 3 + 3. The remaining two patients had biopsies negative for prostate
cancer.
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All images and spectra were acquired using a 3T MR scanner (GE Medical Systems,
Milwaukee, WI, USA). The GE pelvic phased array and a balloon-inflated endorectal coil
probe (Medrad, Inc, Indianola, PA, USA) were used for reception. For spectroscopy, while
data was acquired with both the pelvic phased array and the endorectal coil, only the data from
the endorectal coil was used due to its much higher signal to noise ratio. Sagittal and axial T1-
weighted images were acquired (TR/TE = 600/12). Fast spin echo (FSE) T2-weighted images
were acquired in an oblique axial plane with FOV = 14 cm to 16 cm, matrix = 256 x 256, and
TR/TE = 5000/108.

The MRSI data was localized to the prostate using PRESS-based selection based upon these
images, with x, y, and z dimensions set at 120% of the requested volume to ensure high
excitation (greater than ~95%) throughout the desired volume of interest. All data was acquired
using a specialized Malcolm Levitt (MLEV)-PRESS MRSI sequence with j-refocusing
providing an upright citrate resonance at 3T (12,13) The bandwidths of the RF pulses were
2366.7 Hz for the 90° pulse in the anterior-posterior direction and 6097.5 Hz for the two 180°
spectral-spatial pulses (14) in the right-left and superior-inferior directions. VSS pulses (11)
were automatically applied to the six edge faces of the desired volume and were graphically
applied in up to five additional oblique planes to reduce signal from outside the region of
interest and from fat at the corners of the volume. These saturation bands were 30mm wide.
MRSI was acquired using 3D phase-encoding with 5.4 x 5.4 x 5.4 mm? (0.16 cc) resolution
with a TR/TE = 1300 msec/85 msec. 1024 points were acquired over 1000 Hz.

MRSI—The MRSI data was filtered with a 3 Hz Gaussian filter, Fourier transformed, baseline
corrected, phase and frequency aligned based upon the water peak, and peak areas quantified,
using algorithms long established at our institution (15,16). Small variations due to PRESS
selection nonuniformity and due to chemical shift differences among the metabolites were not
corrected. Peak areas of water, choline, creatine, and citrate were calculated for all spectral
voxels within the selected region with less than 10% saturation from the V'SS pulses.

Model of the VSS Pulses—The suppression due to the VSS pulses was modeled using RF
Tools, a radio frequency modeling package within Matlab (The MathWorks, Inc., Natick, MA,
USA) (17). This led to an approximate 97% suppression throughout the 30 mm wide (full width
at half maximum [FWHM)]) saturation band. The transition from 97% saturation to 3%
saturated spanned 1.6 mm. A map was made of the suppression profile by automatically shifting
and rotating these bands to their prescribed locations and multiplicatively combining them.

Model of the Endorectal Coil Reception Profile—The reception profile of the
endorectal coil was theoretically modeled as described earlier (18). The coil was modeled as
a series of 12 straight wire segments, outlining the elliptical shape of the coil, using a major
diameter of 87 mm along the main magnetic field axis and a minor diameter of 41.2 mm along
the axis across the bore. The Biot Savart law was used to determine the magnetic fields
produced by each of these wires in the directions perpendicular to the static magnetic field. A
resultant reception profile map was created from the combination of these fields.

Reception profiles maps were also generated for the following rotations around the right-left
axis of the image: 5, 10, 18.5, and 20 degrees such that the superior portion of the coil tipped
anteriorly, as is commonly found in practice, with an average tip of 18.5 degrees reported in
the literature (19). The reception profile maps were additionally generated for rotations of 5,
10, 20, and 40 degrees around the superior-inferior axis of the image. Rotation is common
about this axis due to the coil being inserted sagittally and then manually rotated to its more
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coronal position. If larger tips are found on initial scout imaging, the coil is rotated to a more
coronal orientation.

The T2-weighted images were used to determine the location and rotation of the endorectal
coil. The balloon has protrusions which result in semicircle indentations in the rectal wall near
the location of the coil. Cursor cross-hairs are placed an indentation diameter away from these
two locations on a mid-gland axial image (Fig. 1a). On the sagittal image (Fig. 1b), the coil
location is determined based the low signal “‘streaks’’ that curve anteriorly and outward from
the coil both superiorly and inferiorly. These low signal regions are due to the fact that there
is no MR signal received in the superior-inferior (main field direction) and that these coils are
only sensitive to this superior-inferior direction at these locations (Fig. 1b). The reception
profile map was then aligned to match the location of the coil in the images, incorporating
rotation about the superior-inferior axis, i.e., in the axial plane, if necessary. It was assumed
there was no motion between the T2-weighted image and the MRSI acquisition.

Sensitivity of Correction to Differences in Coil Rotation and Translation—The
simulated reception profile maps for the coil at different tips out of the coronal plane were
compared to the reception profile maps generated by modeling the coil without a tip, then
rotating the map into the same orientation. The percent difference between these two maps,
once normalized, was calculated for a region representing a very large MRSI region in a
representative location. This region was 6.5 x 4.5 x 3.5 cm?3 in size, centered at (Left = 0.3,
Anterior = 34.0, Superior = 1.2 mm) while the coil was centered at (0,0,0).

To determine if small differences in rotation of the endorectal coil about the R-L axis need to
be modeled, the reception profile maps modeled with a rotation were compared to reception
profile maps modeled in the coronal plane which were then rotated to the final position. The
maps with modeled rotation were divided by the rotated, modeled maps and the mean and SD
of intensities calculated for the same, large MRSI region described above. Errors of 5% or less
were deemed acceptable.

To determine if errors in measuring the coil position would contribute significant error to the
final corrected MRSI data, the correction of uniform phantom data was compared across shifts
in coil position in right-left, anterior-posterior, and superior-inferior of: £ 1 to 10 mm, in 1 mm
increments.

MRI Combined Pelvic Phased Array and Endorectal Coil Reception Profile
Correction—For correcting the images, a reception profile map was generated for the
combined pelvic phased array and the endorectal coil setup. The pelvic phased array coils were
modeled as an anterior and a posterior set of two coils. Each set had two overlapping 12.5 cm
in length square coils with the distance between the centers equal to 10.6 cm. Maps were
generated as the magnitude of the map for each coil. Since the prostate is far from the pelvic
phased array, small errors in positioning of these coils were ignored. Therefore, the pelvic
phased array map was presumed to have no rotation and to be centered in plane the same as
the endorectal probe. Also, the anterior array was presumed to always be at 150 mm anterior
to the endorectal coil. The posterior array, on the other hand, was presumed to be 125 mm
posterior to the endorectal coil. Obviously, these positions will vary slightly from patient to
patient, and could be measured and modified for each, but for ease of analysis, these distances
were used and historically have worked well for all but very thin patients. These reception
profile maps were aligned to the images and the image intensities were divided by the reception
profile map on a pixel by pixel basis to correct the images for the inhomogeneous coil reception
profile.
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MRSI Endorectal Reception Profile Correction—The reception profile map was
multiplied by the VSS pulse profile map. This map was then reduced to the MRSI acquired
spectral resolution using a 3D sinc interpolation to model the point spread function of the 3D
MRSI acquisition. The spectral data at each location was then divided by this matched
resolution reception profile map. This was performed for the uniform phantom data and the
patient data.

Statistical Analyses

RESULTS

The mean, SD and cumulative histogram of values were computed for the different metabolites
for the phantom and for the MRSI regions on the patients. For the phantom study and in the
18 patients, coefficients of variation, ¢, = mean/SD, for integrals of the water, choline, creatine,
and citrate peaks were calculated before correction and after correction, along with their
corresponding percent improvements: 100 X (Cy pefore — Cy after)/Cv before-

The metabolite area distributions were analyzed using a Q-Q plot, comparing their distribution
to a normal distribution both before and after correction. The R? correlation coefficients of the
linear fit of the plots were compared before and after correction as a metric of improved
correction using a paired t-test. Analysis was done for: 1) the uniform phantom; and 2) the
patients using all the unsaturated voxels.

Simulation Studies

As described in the methods, rotations of the coil were simulated and assessed. The percent
differences between: 1) maps modeled with a coil rotation; and 2) maps modeled without a
coil rotation but then rotated to the target angle, were calculated for a large MRSI region, after
normalization to the mean intensity of the region. These demonstrate that for sagittal plane
rotations <20°, the mean percent difference is small, 5% or less. As expected, rotations in the
axial plane yield virtually no difference between modeled and rotated after modeling, since
both right-left and anterior-posterior components are modeled and received by the coils.

Additionally, the percent differences in the coil reception profiles shifted off-center vs. on
center were also calculated for the same large MRSI region. These percent differences were
<5% for shifts <7 mm in either right-left, anterior-posterior, or superior-inferior directions.

Phantom Studies

Spectral peak area values for a uniform phantom were compared before and after correction
for the endorectal coil reception profile. The ¢, values calculated for the phantom scan are
shown in Table 1 along with their corresponding percent improvements 100 X (Cy pefore —

Cy after)/Cy before, FOr both the acquired and corrected cases, the cumulative distribution of water
peak areas was plotted versus the cumulative distribution of a normally distributed population
ina Q-Q plot (see Fig. 2). In the acquired case, there is a large mismatch at the ends of the
distribution, resulting in a linear regression to a straight line yielding an R? of 0.89. In the
corrected case, the data is close to matching a straight line, with a linear regression correlation
coefficient, R2 = 0.99, as shown in Fig. 2, demonstrating near normal distribution of the data.

To demonstrate the impact of the VSS pulses, an image of a phantom with VSS pulses applied
is shown in Fig. 3. This image shows the virtually complete suppression of the signals within
the bands.
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Patient Studies

Representative images and spectra from a prostate cancer patient are shown in Fig. 4. In the
acquired case, the image intensity and spectral intensities are high close to the endorectal coil
and lower with distance from the endorectal coil. In the corrected case, the image and citrate
intensities are more uniform. The metabolites vary by location, with the peripheral zone and
the central gland having quite different patterns, but are more uniform throughout the peripheral
zone. A region of cancerous peripheral zone is apparent, with greatly decreased citrate.
Correcting for the coil reception gives more confidence that a decrease of citrate is due to
pathophysiology rather than reception profile.

Figure 5 shows the Q-Q plots for the water, choline, creatine, and citrate for voxels with more
than 90% maximum excitation both before and after correction from the example patient of
Fig. 4. In all cases, the distribution of peak areas is more normally distributed after coil
correction than before. This is demonstrated by higher linear fit correlation coefficients, R2,
in the Q-Q plots after correction (average R? = 0.98 + 0.007) than before correction (0.89 +
0.066).

For the 18 patients, the mean coefficient of variation, c,, value for the suppressed water
resonance prior to correction was 0.95 + 0.18 which significantly decreased to 0.66 + 0.11 after
correction, P < 1078, paired t-test. The mean R? value for the Q-Q plot for the suppressed water
resonance for the patients increased from an average of 0.91 prior to correction to an average
of 0.95 post-correction (P = 0.0083, paired t-test).

DISCUSSION

This paper described and validated a post-processing correction algorithm to reduce the effect
of the inhomogeneous reception profile of the endorectal coil on prostate MRSI data while
incorporating the effects of a sinc-shaped point spread function MRSI acquisition and VVSS
pulse suppression. The plots of spectra demonstrate an increase in uniformity with this
correction. The Q-Q plots for both the phantoms and prostate cancer patients demonstrate that
the acquired MRSI peak areas are not fully Gaussian in distribution, whereas they are
significantly more Gaussian post correction (R2 = 0.96, mean for water distribution for the
combination of the phantom and the patients).

Additionally, the simulations shown here demonstrated that this technique is robust, with <5%
average error for rotations of up to 20° of the coil out of the coronal plane, more than typically
found in practice (19). Furthermore, the coil profile can be generated on a case-by-case basis.
For ease of use in practice, a typical rotation is suggested.

This technique is also very robust across shifts in position and/or in determining the coil
location, as the average error is <5% for shifts <7 mm. Another study showed small patient
shifts between anatomic imaging acquired before and after an MRSI sequence, reporting an
average of 2.6 = 2.4 mm shifts in position (20). Thus, coil reception profile maps are expected
to have small error due to patient shifts and coil localization errors.

While the corrected spectral peak areas are not completely uniform, this is to be expected. The
small (<5%) variability in RF excitation across the region of interest was not corrected.
Additionally, biologic variability is likely another source of variability, as illustrated by the
highest R2 values for the corrected phantom water values, the second highest R? for the water
in the patients and the lower R2 for the metabolites, choline, creatine, and citrate in the patients.
A remaining source of variability is errors in quantifying the peak areas. This is in part
demonstrated by the lower improvement in the coefficient of variation in choline and creatine
versus water and citrate in the phantom data of Table 1, as choline and creatine are more difficult
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to quantify due to their overlap with each other and with polyamines. While these variabilities
exist, the uniformity increased with reception profile correction and the distribution became
significantly more Gaussian, indicating the effect of the inhomogeneous reception profile was
reduced. The greater improvement in the phantom versus the patients indicates that the
biological heterogeneity of the tissue is not normally distributed—mixing cancerous tissues
and central gland tissue, with its frequent BPH, with the peripheral zone tissues leads to
variability beyond a normal distribution.

In other work, MRSI data has been acquired with surface coils, primarily for the brain (16,
21-27) and prostate (4,28,29). These data also are affected by the inhomogeneous reception
profiles. As ratios of metabolites are frequently used, the MRSI data often is left uncorrected
for the inhomogeneous reception profile. Some have addressed the surface coil reception
profile effect in MRSI data with different approaches than presented in this work. In one
method, the water peaks in MRSI data have been used to correct phased array brain MRSI data
for the inhomogeneous reception profiles (21,22). In the prostate, however, water intensities
are known to vary greatly among tissue types, like glandular versus stromal BPH, and with
treatment, so this technique may not be suitable, especially if water is to be measured.

Another method to address the surface coil reception profiles used array spatial sensitivity
encoding technique (ASSET) calibration scans. In recent years, brain MRSI data has been
acquired at 3T using a multiple coil array (23-27). Spectra from the individual coils have been
weighted by ASSET calibration scans to model their reception profiles and have been combined
(23-26). This resulted in MRSI data with the effect of the inhomogeneous reception profiles
reduced. Such sensitivity profiles of the surface coils have also been used for parallel imaging
of MRSI data (27) and to unalias lipids in MRSI data (26). While these methods have worked
well in the brain, they are more challenging in the prostate. Producing a map of coil sensitivity
using either an additional image, such as the ASSET calibration scans, or using a low pass
filtered version of the actual image or dataset can lead to some image information being
““‘corrected out’’. This is especially problematic when there are low spatial frequency objects
in the image, such as the large, dark rectum next to the prostate. An ASSET calibration scan
or a low-pass filtered image of the prostate would retain the rectum, and, when blurred, would
lead to a poor representation of the coil sensitivity within the prostate near the rectum. As this
is the location of the peripheral zone, where ~70% of the cancers arise, this is problematic for
prostate MRSI data. Other features within the prostate (such as hemorrhage or brachytherapy
seeds) can also confound this method.

Similar to the current study, theoretical models of the inhomogeneous reception profile of
surface coils and models of the selective excitation and the MRSI point spread function have
been reported, but only in a limited number of studies (16,30). These models have been used
to investigate brain tumor MRSI data (16) and to investigate differences between normal brain
gray and white matter (30).

Correcting MRSI data for the inhomogeneous reception profile of surface coils is desirable,
due to increased uniformity of peaks in biologically homogeneous tissues, due to resultant
likelihood of increased detection of abnormalities and due to ease of presentation of the data,
as the same intensity scale can be used and would allow adequate viewing of the full range of
spectra. The latter is particularly important when arrays of MRSI are stored as static images,
as in many electronic imaging databases.

While choline plus creatine levels can be compared to citrate levels on a voxel by voxel basis,
eliminating the need to correct for the coil profiles, this is problematic when citrate is very low,
as often occurs with prostate cancer. Additionally, comparisons of levels of choline and citrate
to normal levels cannot be made without such a correction as presented here. Such
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normalizations are particularly important when comparing data from different patients or
exams.

Results of this study demonstrate the feasibility of quantitatively comparing measured
metabolite levels in different regions and, ultimately, through an exam normalization, to
quantitatively compare metabolites from different times in the same patient and from different
patients. This is particularly important for comparing tumor grades with metabolite levels to
potentially differentiate tumor grade based upon choline levels (5).

This technique which incorporates theoretically modeling the reception profile and manually
identifying the coil location in images has the advantage of not removing image information
from nor adding additional noise to the acquired MRSI data. A disadvantage is that the coil
location needs to be identified. In the future, this potentially could be automated. Another
disadvantage is that noise will appear higher far from the coil, although the signal to noise ratio
remains the same. Future research is needed to investigate if such a post-processing correction
of MRSI data can improve the detection accuracy, speed, and/or characterization of prostate
cancer.

In conclusion, a procedure for reducing the effect of the inhomogeneous reception profile in
endorectal coil acquired 3D MRSI prostate data was demonstrated, illustrating increased
homogeneity in MRSI data and a significantly more Gaussian distribution of peak areas. This
technique has potential to facilitate interpretation of the MRSI data.
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Figure 1.

Identification of the coil location and rotation on (a) axial and (b) sagittal T2-weighted images.
The two ends of the coil are marked with +’s. On the axial image, the locations are identified
by the indentations in the rectal wall. On the sagittal image, the locations are identified by the
dark streaks that emanate anteriorly and outward from the rectal wall at the superior and inferior
ends of the balloon-inflated probe. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 2.

Assessment of coil correction of water peak areas from a uniform phantom using Q-Q plots of
the distribution of the phantom water peak areas as compared to a normal distribution. Data is
from the voxels having more than 90% of maximum excitation (within the PRESS selected
region and not under the VSS sat bands). a: Before correction. b: After correction. There is
clearly variability in the acquired data that is not all normal in distribution. Once corrected, the
MRSI data is more uniform, with the non-normal effects mostly eliminated, as demonstrated
by the Q-Q plot better linear fit of the data to a normal distribution (R2 = 0.99 vs. 0.89).
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Figure 3.

Image of a phantom with the VSS pulses demonstrating virtually complete suppression of
signals within the VSS pulse bands (yellow hashed areas). The white box demarcates the
PRESS selected region.
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Figure 4.

Example MRI and MRSI from a patient, demonstrating the increased uniformity with coil
correction. a: Acquired axial MRI. b: Corrected MRI from (a). ¢: Acquired MRSI, with spectra
from grid locations marked in (a). d: Coil corrected MRSI from (c). Cit = citrate, Cho = choline.
The citrate peaks decrease anteriorly when acquired (in ¢) and are more uniform once corrected
(in d). In addition to the artifacts due to the coil reception, the MRSI demonstrates biological
heterogeneity among healthy peripheral zone tissue (outer, bright tissue), central gland tissue
(central, primarily darker tissue, within dashed line) and peripheral zone cancer. The cancer is
observable as decreased MRI intensity, clear choline, and markedly decreased citrate (area of
spectra with labeled choline and some adjacent voxels).
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Q-Q plots of water (a, b), choline (c, d), creatine (e, f), and citrate (g, h) before (a, c, e, g) and
after (b, d, f, h) coil correction for the example subject in Fig. 4. All MRS measures become

more normally distributed with coil correction.
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Coefficient of Variation (c,) of MRSI Peak Area Values in a Uniform Phantom Before and After Coil Correction,
Demonstrating Improved Homogeneity (1430 voxels used)

Peak c, Before ¢, After  Improvement (%)
Water 0.77 0.41 46
Choline 0.79 0.58 27
Creatine 0.91 0.76 16
Citrate 0.70 0.40 43
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