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Abstract
Detailed measurements of water diffusion within the prostate over an extended b-factor range were
performed to assess whether the standard assumption of monoexponential signal decay is appropriate
in this organ. From nine men undergoing prostate MR staging exams at 1.5 T, a single 10 mm thick
axial slice was scanned with a line scan diffusion imaging (LSDI) sequence in which 14 equally
spaced b- factors from 5 to 3500 s/mm2 were sampled along three orthogonal diffusion sensitization
directions in 6 minutes. Due to the combination of long scan time and limited volume coverage
associated with the multi-b- factor, multi-directional sampling, the slice was chosen online from the
available T2-weighted axial images with the specific goal of enabling the sampling of presumed non-
cancerous regions of interest (ROI’s) within the central gland (CG) and peripheral zone (PZ).
Histology from pre-scan biopsy (N = 9) and post-surgical resection (N = 4) was subsequently
employed to help confirm that the ROIs sampled were non-cancerous. The CG ROIs were
characterized from the T2-weighted images as primarily mixtures of glandular and stromal benign
prostatic hyperplasia (BPH) which is prevalent in this population. The water signal decays with b-
factor from all ROI’s were clearly non-monoexponential and better served with bi- vs
monoexponential fits, as tested using λ2 based F-test analyses. Fits to biexponential decay functions
yielded inter-subject fast diffusion component fractions on the order of 0.73 ± 0.08 for both CG and
PZ ROIs, fast diffusion coefficients of 2.68 ± 0.39 and 2.52 ± 0.38 μm2/ms and slow diffusion
coefficients of 0.44 ± 0.16 and 0.23 ± 0.16 um2/ms for CG and PZ ROI’s, respectively. The difference
between the slow diffusion coefficients within CG and PZ was statistically significant as assessed
with a Mann-Whitney non-parametric test (P < 0.05). We conclude that a monoexponential model
for water diffusion decay in prostate tissue is inadequate when a large range of b- factors is sampled
and that biexponential analyses are better suited for characterizing prostate diffusion decay curves.
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Introduction
Prostate cancer is the number one solid tumor malignancy in American men. According to the
American Cancer Society (1) over 230,000 new prostate cancer cases will be diagnosed with
some 30,000 deaths estimated in 2004, making prostate cancer the second leading cause of
cancer death in men and making early prostate cancer detection and treatment an important

Address Correspondence to: Robert V. Mulkern, PhD, Department of Radiology, Children’s Hospital, 300 Longwood Avenue, Boston,
MA 02115 Phone: 617 355-3737

NIH Public Access
Author Manuscript
Magn Reson Imaging. Author manuscript; available in PMC 2007 May 30.

Published in final edited form as:
Magn Reson Imaging. 2006 June ; 24(5): 563–568.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



health care goal. Excellent anatomical imaging of the prostate is now available from both T1-
and T2-weighted scans using endorectal coils in conjunction with multiple receiver coil
elements (2–10). Though such imaging sequences are considered sensitive for prostate cancer
detection, they lack specificity and are generally used for staging purposes. In efforts to improve
the specificity of MR prostate examinations, both gadolinium based dynamic contrast studies
(11–13) and magnetic resonance spectroscopy (MRS) studies (10,14–20) are being evaluated.
Similarly, quantitative T2- mapping and diffusion imaging have been suggested as potential
candidates for improving the specificity of prostate MR examinations (21–25). Interestingly,
prostate cancer has been shown to be different than many other cancers in that its presence
tends to result in reduced T2 relaxation times and reduced diffusion coefficient (D) values
(21–25), though more quantitative studies are needed to establish the validity and utility of the
preliminary observations regarding prostate cancer diffusion properties.

In this work, a quantitative diffusion imaging approach has been applied to characterize water
diffusion in prostate tissues. It should be noted that, as with MRS, diffusion imaging and/or
measurements outside of the brain have been limited for technical reasons. For example,
respiratory and peristaltic motion artifacts are major problems in abdominal and pelvic organs
once diffusion sensitization gradients are applied. In addition, fat is also prevalent within the
field-of- view (FOV) of typical prostate examinations, as is the presence of strong susceptibility
induced gradients from bone/soft tissue and air/tissue interfaces. The most common diffusion
imaging strategy, based on single-shot echo planar imaging (EPI) acquisitions (25), helps solve
the motion problem but is prone to severe artifacts and geometric distortions from the chemical
shift and the susceptibility effects prevalent in the abdomen and pelvis. Thus we have tested
an alternate diffusion imaging strategy, based on serial “snapshot” acquisitions of tissue
columns and referred to as line scan diffusion imaging (LSDI) (26,27), which is particularly
suited for abdominal/pelvic applications. Though slower than EPI methods, LSDI permits
distortion free, motion insensitive, quantitative diffusion measurements and has proven useful
for studying diffusion decay curves at much higher b-factors than generally accessed with
clinical scanners (28,29). In the brain, extended b- factor range studies with LSDI revealed a
limitation of the standard monoexponential decay model to adequately described brain tissue
water diffusion decay curves which turn out to be much better characterized with biexponential
decay functions (28,29). In this study, LSDI has been similarly applied to determine the nature
of diffusion decay curves in prostate tissues when sampled over a wide range of b- factors. As
in the brain, biexponential decays were found to provide good empirical fits to diffusion decay
curves from central gland CG and peripheral zone PZ tissue. The additional tissue
characterization afforded by the biexponential diffusion decay parametrization complicates the
standard diffusion model but offers further tissue characterization that might be considered for
prostate cancer detection, staging, and/or response to treatment.

Materials and Methods
Nine men, mean age 66 ± 8 years, with biopsy proven adenocarcinoma of the prostate
underwent staging MRI examinations to which we added an LSDI sequence. Informed consent
was obtained from each subject according to the requirements of the hospital human research
committee. All scanning was performed with a 1.5 T scanner operating at the 9.1 hardware/
software configuration (General Electric Medical Systems, Milwaukee, WI). An endorectal
coil (Medrad Inc., Indianola, PA) was used in conjunction with a 4 coil phased array receiver
arrangement with the body coil used for transmitting RF pulses. All examinations included
axial and coronal T2-weighted fast-spin echo (FSE) scans using 4 mm skip 1 mm slice thickness
and gap with 2 excitations, a 10 cm field-of-view (FOV), 256 × 192 (frequency × phase) image
matrices, a repetition time (TR) of 3 s and an effective echo time of 68 ms with a 12 echo train
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length (ETL). T1-weighted spin echo scans were also obtained in the axial plane using 5 mm
skip 1 mm slice thickness and gap with TR/TE = 600/15 (ms/ms).

From the set of axial T2-weighted FSE scans a single slice was selected for quantitative
diffusion imaging using the LSDI sequence. The slice selected for diffusion imaging was
chosen by a radiologist (ASB) in each case to avoid suspected regions of cancer or hemorrhage
regions using on- line inspection of the T2- and T1-weighted images, respectively, during the
MR examination and prior to the LSDI acquisition.

The LSDI approach for diffusion imaging has been described extensively elsewhere (26–29).
For this application, a single 10 mm thick slice with a 2.8 × 2.8 mm2 in-plane resolution (180
× 135 mm2 FOV, 64 × 48 matrix) was scanned using 14 b-factors from 5 to 3500 s/mm2 along
the three orthogonal directions (1,-1,-1/2), (1/2,1,-1) and (1,1/2,1) with a TR/TE combination
of 4000/75 (ms/ms) and a receiver bandwidth of ± 3.9 kHz. The b- factor was varied by
changing the amplitude of the diffusion gradient with all timing parameters fixed. The pulse
gradient duration δ, the separation between leading edges of the pulse gradient Δ, and the
“diffusion time” Δ – δ/3 were approximately 48 ms, 56 ms and 40 ms, respectively. A total of
42 images - 14 b-factors × 3 directions - were acquired with each image consisting of 48
columns each sampled with 64 along-column frequency encoding steps. The total acquisition
time was 6 minutes and 34 seconds.

From the 42 images acquired (14 b- factors, 3 directions), geometric mean images consisting
of the cubed root of the product of the three different directions were generated for each b-
factor. From the geometric mean data sets, ROIs of approximately 1.5 ml tissue volume within
the CG and PZ were identified for detailed signal decay analyses. These ROIs were chosen to
avoid regions suspected of containing cancer or hemorrhage, as assessed by consensus between
two radiologists (ASB, CMCT) on the basis of the T2- and T1-weighted images. Furthermore,
available histological results from the biopsies of each subject as well as post-surgical findings
in 4 subjects were consulted in order to further confirm that the ROIs selected had a low
probability of containing cancer. In addition to the tissue ROIs, noise measurements were made
from an ROI within the air of the inflated balloon within the rectum.

The signal vs b- factor from each ROI, as extracted from the geometric mean data sets were
fit with both monoexponential functions and biexponential decay functions of the form

S = A exp(−bDa) + B exp(− bDb) [1]

where S is the signal intensity, b the b- factor, Da and Db the fast and slow diffusion coefficients,
respectively, and A and B their amplitudes with the fraction of the fast diffusion component
given by A/(A + B). Fits were performed with a Marquardt-Levenberg algorithm as
implemented in Matlab software (The MathWorks, Inc., Natick, MA). The fits of the data to
monoexponential decay curves (B = 0 in Eq 1) were performed in order to allow for a
comparison of the chi2 (λ2) values and subsequent F-tests (30–32) to determine whether the
biexponential model provided a statistically improved fit over the monoexponential model with
P < 0.05 in the F-test considered significant.

Mann-Whitney two-tailed t-tests were used to determine statistically significant differences
between the inter-subject median values of the biexponential parameters as extracted from the
CG and PZ ROIs with P values less than 0.05 considered significant.
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Results
Conventional imaging demonstrated benign prostatic hyperplasia (BPH) involving central
gland was present in all 9 subjects. In addition, for all 9 patients, areas of hypointense signal
on T2-weighted images suggested the presence of prostate cancer. In two of the 9 patients areas
of post-biopsy hemorrhage were identified on the basis of hyperintense signal on the T1-
weighted images. None of the suspected cancerous or hemorrhagic regions were included
within the ROIs used for diffusion analyses.

All 9 LSDI scans were used for analyses with no obvious artifacts or technical failures. Figures
1 a–c show a T2-weighted FSE image and geometric mean LSDI images with b- factors of 5
and 3,500 s/mm2, respectively. Typical CG, PZ, and noise ROIs employed for diffusion decay
curve analyses are shown in each image. The inter-individual mean signal intensities,
normalized to the smallest b- factor signals, are plotted as a function of b- factor in Figure 2
for both the CG and PZ ROIs as well as noise ROIs. Since the natural log of the signal intensities
are plotted in Figure 2, the decay curves would appear as straight lines given a monoexponential
decay model. Clearly there is a curvature of the decay curves which is well-characterized by
biexponential functions whose best fits to the data are shown as solid lines through the data.
Figure 2 also demonstrates that the normalized CG and PZ signals remain well above the
normalized baseline noise values at all the b- factors sampled. Table 1 provides the
interindividual mean ± SD biexponential parameters found for the fits to the CG and PZ data
using Eq [1]. When comparing biexponential parameter differences between the CG and PZ
ROI data, only the DB parameter demonstrated a significant difference (P < 0.03). The
appropriateness of biexponential over monoexponential fits was assessed by F-tests using λ2

ratios of each type of fit modulated by the relative number of degrees of freedom. The
biexponential fits provided a statistically significant improvement over monoexponential fits
at the P < 0.0001 level.

Discussion
As recently found for diffusion studies of the brain (28,29,33,34), sampling a wide range of b-
factors in the prostate reveals that the water diffusion signal decays are better modeled with
bi- as opposed to monoexponential functions. This finding offers additional prostate tissue
characterization parameters based on water diffusion properties, namely the relative fractions
of the fast and slow diffusion components and their respective diffusion coefficients. Of course
diffusion imaging of the prostate in general is in its infancy with only a few preliminary reports
of quantitative diffusion coefficients currently available (21,24,25). Two of these reports are
somewhat conflicting in their conclusions (21,25). For example both Issa (25) and Gibbs et al
(21) studied healthy volunteers and patients with suspected prostate cancer. Both groups used
basically the same technique - single-shot echo planar diffusion imaging – and sampled the
same range of b- factors up to 750 s/mm2. In healthy volunteers, Issa (25) reported PZ and CG
diffusion coefficients of 1.91 ± 0.46 um2/ms and 1.63 ± 0.30 um2/ms, respectively, while
Gibbs et al (21) reported much smaller PZ and CG diffusion coefficients of 1.25 ± 0.23 and
1.17 ± 0.18 um2/ms, respectively. Furthermore, Issa (25) reported similar diffusion coefficients
for the noncancerous PZ and CG regions of the patient population and the PZ and CG regions
for healthy volunteers, while Gibbs et al (21) reported PZ and CG diffusion coefficients some
2 to 3 times higher in the patients compared to the volunteers. Chan et al (24), using LSDI in
the b- factor range below 750 s/mm2, reported PZ diffusion values for noncancerous PZ close
to those reported by Issa (25).

The source of these discrepancies remains unclear. The data presented in this work, however,
demonstrates the presence of a slow diffusion component which, in turn, would suggest that
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previous measurements based on the assumption of monoexponential decay over a limited b-
factor range most probably underestimated the fast diffusion coefficient. By taking the slow
diffusion coefficient into account with biexponential analyses, we measured higher fast
diffusion coefficients in noncancerous PZ and CG ROIs of around 2.7 um2/ms (Table 1) than
those previously reported. Furthermore, a statistically significant difference between the CG
and PZ slow diffusion coefficient was found with the PZ demonstrating a smaller slow diffusion
coefficient.

In this study, only three orthogonal diffusion sensitization directions were sampled so that
rotationally invariant measures of the fractional anisotropy are not available. Some indication
of the degree of diffusion anisotropy can, however, be gleaned by examining the standard
deviation (SD) over the mean of the biexponential parameters extracted from fitting decay
curves along the individual diffusion sensitization directions. This coefficient of variation,
expressed as a percentage (SD/mean × 100) was less than 15 % for the Da values in the CG
and PZ but was larger than 22 % for the Db values, indicating perhaps more anisotropy for the
slow component in these tissues. These remarks on anisotropy are, of course, very preliminary
and further studies of the anisotropy of the biexponential parameters using at least six diffusion
sensitization directions are in order to clarify the role of anisotropy in prostate tissues.

Limitations of the present study include the small number of men studied and the fact that only
men with biopsy proven prostate cancer have been examined in order to establish biexponential
parametrization of non-cancerous PZ and CG regions. Every effort was made to sample ROI’s
considered free of cancer on the basis of both conventional images and available histology,
though it is impossible to fully exclude the possibility that some of the decay curves were
influenced by the presence of cancer. Future studies might consider the use of spectroscopic
imaging to better define regions of non-cancerous tissue for diffusion measurement and for
identifying regions of cancer for biexponential diffusion characterization, assuming prostate
cancer will also exhibit biexponential diffusion decay as found by Maier et al for brain tumors
(28).

Finally, the origin of the non- monoexponential diffusion decay curves in tissue like brain,
brain tumors, and now prostate, is unknown. Since the diffusion decays are well-characterized
with biexponential decay functions, they may reflect two separate water compartments, such
as intra- and extracellular water, with widely divergent diffusion coefficients. Problems with
this interpretation, including the wrong relative sizes of the presumed intra- and extracellular
compartments as measured from biexponential analyses, have arisen within the context of brain
diffusion studies (33,34). It is equally well- established that non-monoexponential behavior
arises from the restricted nature of water diffusion in tissue using diffusion times of several
tens of ms, as in this study. As such, the non- monoexponential decays most probably reflect
an indirect manifestation of water compartmentation by cell membranes. Modeling such effects
is extremely complex and analytical expressions even for simple geometries are not simple
biexponential functions (35–37). In this case, the fitting of our decay data to biexponential
functions should be understood as a useful data reduction scheme rather than a direct
representation of any specific model of water compartmentation and/or water exchange
between compartments (33). The empirical observation, however, that biexponential
parametrization adequately describes prostate water diffusion over an extended but clinically
accessible b- factor range suggests opportunities for exploration. Future studies may focus on
determining whether the additional tissue characterization afforded by the biexponential
parametrization can play a role in differentiating cancer from normal PZ or CG. In addition,
the quantitative biexponential diffusion decay approach may also provide a more specific test
of the response of prostate cancer to treatment than standard diffusion imaging which has
already shown some promise for assessing tumor response to therapy (38–41).
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Figure 1.
a) T2-weighted FSE image; b) LSDI geometric mean image with b = 5 s/mm2; c) LSDI
geometric mean image with b = 3,500 s/mm2. Typical ROIs in the central gland (CG),
peripheral zone (PZ) and noise from which data was extracted for quantitative diffusion
analyses are shown in each image.
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Figure 2.
Plots of the logarithm of signal decay with b-factor as extracted from the CG and PZ ROIs of
all nine men. Shown are the interindividual mean ± SD (N = 9) signal intensities normalized
to the lowest b-factor image. Also shown are the inter- individual mean ± SD (N = 9) noise
values at each b-factor normalized to the lowest b- factor CG and PZ signal intensities.
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Table 1
Inter-subject means ± SD (N = 9 subjects) of the biexponential parameters used to characterize diffusion decay
curves from ROIs in the CG and PZ. The difference between Db values for the PZ and CG is statistically significant
(P < 0.05).

A/(A + B) Da (μm2/ms) Db (μm2/ms)

CG 0.73 ± 0.09 2.68 ± 0.39 0.44 ± 0.16
PZ 0.74 ± 0.07 2.52 ± 0.38 0.23 ± 0.16
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