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Purpose: This study aimed to compare the intraclass correlation coeffi-
cients of parameters estimated with stretched exponential and biexponential
diffusion models of in vivo diffusion-weighted magnetic resonance imaging
(MRI) of the prostate.
Methods: After the institutional review board issued a waiver of in-
formed consent for this Health Insurance Portability and Accountability
ActYcompliant study, 25 patients with biopsy-proven prostate cancer un-
derwent 3T endorectal MRI and diffusion-weighted MRI of the prostate at
10 b values (0, 45, 75, 105, 150, 225, 300, 600, 900, and 1200 s/mm2).
The full set of b values was collected twice within a single acquisition.
Intraclass correlation coefficients were calculated for intra-acquisition
variability. From the biexponential model, the quantitative parameters
diffusion coefficient (D), perfusion coefficient (D*), and perfusion
fraction ( f ) were estimated. From the stretched exponential model, the
quantitative parameters Kohlrausch decay constant (DK) and alpha (>)
were estimated.
Results: For the 25 patient data sets, the average intraclass correlation
coefficients for DK and > were 95.8%, and 64.1%, respectively, whereas
those for D, D*, and f were 84.4%, 25.3%, and 41.3%, respectively.
Conclusions: The stretched exponential diffusion model captures the
nonlinear effects of intravoxel incoherent motion in the prostate. The
parameters derived from this model are more reliable and reproducible
than the parameters derived from the standard, widely used biexponen-
tial diffusion/perfusion model.
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In biological tissues, microscopic motion detected by diffusion-
weighted imaging (DWI) includes both diffusion of water

molecules, influenced by the structural components of the tissue,
and microcirculation of blood in the capillary network. To sepa-
rate perfusion effects from pure diffusion in diffusion-weighted
magnetic resonance imaging (MRI) studies, Le Bihan et al1Y3

proposed the intravoxel incoherent motion (IVIM) biexponen-
tial model. In this model, to estimate diffusion parameters, dif-
fusion signal was measured for a large number of b values,
ranging from very low to high. Although it is more detailed than
the monoexponential model, the biexponential model makes
assumptions regarding the microcirculation and provides esti-
mates of perfusion that are not sufficiently reproducible to be
reliable.4Y6 The goal of the present study was to present an al-
ternative approach to the multicompartment biexponential
model using the Kohlrausch decay function.

Using computer simulations, Pekar et al5 studied the pre-
cision and accuracy of biexponential parameters derived from
multiYb value diffusion-weighted experiments to characterize
perfusion and diffusion. Using model parameter values for
brain, they generated noise-contaminated signal at numerous
signal-to-noise ratios (SNRs). The simulations suggested that
reliable estimates of perfusion coefficient, D*, and perfusion
fraction, f, require substantial SNRs. The simulation also indi-
cated that SNRs need to be higher for estimation of D* than for
estimation of f. The substantial SNRs required for reliable esti-
mation of biexponential parameters could potentially be
achieved through averaging over regions of interest (ROIs).

One reported approach for obtaining reliable estimates of
perfusion-related parameters is to hold the parameterD* fixed.7,8

In studying pancreatic carcinoma using multiple b values and the
IVIM model, Lemke et al7 set the parameter D* to a fixed value
of 20 Hm2/ms. A similar approach was used by Re et al8 to
generate a stable, pixel-based 3-parameter fit. Although the
approach is beneficial when the goal is to enhance the contrast
between the lesion and the pancreatic duct, the resultant shift in
f values, which is an indirect consequence of changes in the
actual value of D*, limits the ability to quantitatively charac-
terize perfusion.

If IVIM diffusion parameters are to be clinically useful,
they must be robust and reliable. Here, we propose the use of the
stretched exponential diffusion model to characterize IVIM
diffusion signal and thus provide a measure of deviation from
the monoexponential behavior caused by pseudoperfusion
effects. The stretched exponential model (also referred to as
the Kohlrausch decay function) was used by Bennett et al9,10

to characterize diffusion properties of tissue at high b values
(b values in the range 500Y6500 s/mm2). Hall and Barrick11

explained that because the local environment of spins is thought
to be nonhomogeneous, the Kohlrausch decay function is a
suitable model for diffusion-weighted signal decay.

This article is organized as follows: First, we present the
theoretical foundation of the stretched exponential diffusion
model. Next, simulation analysis is presented to compare the
precision and accuracy of monoexponential, biexponential, and
stretched-exponential models. We then provide results obtained
from imaging of the prostate using a previously described
multiYb value DWI acquisition method. Finally, we compare the
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intrascan reproducibility of parameters derived with stretched
exponential and biexponential models.

MATERIALS AND METHODS

Diffusion-Weighted MRI Data Analysis

Standard Monoexponential Model of Diffusion
In the simplest case, the diffusion coefficient is described

by a single exponential function:

SðbÞ ¼ Sð0Þ q exp ð�b q ADCÞ ½1�

where SðbÞ and Sð0Þ are signal intensities of each voxel with
and without diffusion weighting, and the quantity b is the diffusion-
sensitizing factor (commonly referred to as the b value). The

apparent diffusion coefficient, ADC, is a single diffusion coefficient,
which describes a multitude of diffusion properties of tissue,
including both diffusion and perfusion, and is assumed to be
independent of b value, that is, ADC is constant.

Revised Model of Diffusion: Incorporating
Incoherent Flow

The effect of perfusion on the total signal was modeled by
taking into account the volume fraction f of the water flowing
through the microvessels.3 Accordingly, the signal attenuation is
given by:

SðbÞ ¼ Sð0Þ q ½ð1 � f Þ exp ð�b qDÞ þ f qF� ½2�
where D is the diffusion coefficient, f is the volume fraction of
water in perfused capillaries, and F is due to microcirculation
and has a value of 1 or less that depends on capillary geometry
and blood velocity.

According to a model presented by Le Bihan et al3 perfu-
sion can also be considered an incoherent motion, and the signal
component due to microcirculation of blood is given by:

F ¼ expð�b qD*Þ ½3�
where the pseudodiffusion coefficient, D*, is dependent on the
mean path length and blood velocity within the capillary network.

Stretched Exponential Model (Kohlrausch Decay
Function)

An alternative approach to the multicompartment model
such as the biexponential IVIM model is to use the stretched
exponential model based on the Kohlrausch decay function12:

SðbÞ ¼ Sð0Þ q expfð�b qDKÞ>g ½4�
where DK is the Kohlrausch decay constant. The dimensionless
parameter > is between 0, and 1 characterizes deviation of the
signal attenuation from monoexponential form. The graph of
S(b)/S(0) versus log(b) is characteristically stretched, (hence the
alternative name of the function) and characterizes deviation
of the signal attenuation from monoexponential form. The
Kohlrausch function is frequently used as a purely empirical decay
function, and there are theoretical arguments to justify such use.

FIGURE 1. Representative plot of the stretched exponential
function to characterize multiYb value diffusion signal. The
value of the Kohlrausch decay function, DK, was held fixed at
1.5 � 10j3 mm2/s. The value of > was varied between
1.0 and 0.25.

FIGURE 2. Plots with percentage noise at 6.25% (A) and 10% (B) levels overlaid with monoexponential, biexponential, and
stretched exponential fits. The data were simulated assuming the typical in vivo signal is biexponential with parameters set to f = 0.20,
D = 1.5 � 10j3 mm2/s, and D* = 1.5 � 10j2 mm2/s. The monoexponential fitted parameters for 6.25% and 10% noise levels were
ADC = 1.8 � 10j3 mm2/s and ADC = 1.8 � 10j3 mm2/s, respectively; those for biexponential fit were at 6.25% noise level,
D = 1.3 � 10j3 mm2/s, D* = 1.8 � 10j2 mm2/s, and f = 0.27, and at 10.0% noise level, D = 1.2 � 10j3 mm2/s, D* = 1.8 � 10j2 mm2/s,
and f = 0.29. The stretched exponential fitted parameters were at 6.25% noise level, DK = 2.0 � 10j3 mm2/s and > = 0.75 and at
10.0% noise level, DK = 1.9 � 10j3 mm2/s and > = 0.73.
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It is convenient as a fitting function, even in the absence of a
model, given that it allows gauging in simple way deviations

from the ‘‘canonical’’ single exponential behavior through the
parameter > (Fig. 1).

Previous modeling of diffusion data based on the stretched
exponential model was presented by Bennett et al9,13 and more
recently by Hall and Barrick.11 In the analysis of Bennett et al,9,13

b values in the range of 500 to 6500 s/mm2 were used, and the
stretched exponential model was presented to address deviation
of the signal attenuation from monoexponential behavior. In
the anomalous diffusion model of Hall and Barrick,11 a differ-
ent approach was taken to modeling a locally inhomogeneous
environment; data with b values from 50 to 5000 s/mm2 were
acquired in the brain.

Simulations
Monte Carlo (MC) simulations were performed to determine

confidence in parameters derived from the analysis of alternative
diffusion models. Ideal signal intensity data were generated with
9 diffusion-sensitive b values from 0 to 1200 s/mm2 (b values =
0, 45, 105, 150, 225, 300, 600, 900, and 1200 s/mm2). The

FIGURE 3. Multiple b values were acquired in a ‘‘time-resolved’’
manner during a single acquisition, alternating between low
and high b values. This acquisition scheme permits image
registration of data acquired at shorter resolved (1 TR) time
intervals. A ‘‘block’’ consists of a complete set of b values. Each
acquisition consists of 4 blocks. To assess intrameasurement
variability, the 4 blocks of b values within a single acquisition were
dividing the data into 2 data sets, or segments, each consisting
of 2 blocks of data.

FIGURE 4. MC simulations of precision (CV) (A) and accuracy (bias) (B) of parameters versus percent noise of monoexponential
model (ADC), biexponential model (D*, f), and Kohlrausch decay function (stretched exponential) (DK, >) model.
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FIGURE 5. A, ROIs placed in the prostate shown on a b = 0 image. Plots of mean signal intensity (and zoomed region) and the
biexponential and stretched exponential fits for the ROIs from segments 1 (B) and segment 2 (C). The parameters D*, D, and f were
extracted from the biexponential model; and DK and >, from the stretched exponential model for each segment. Biexponential model
from segments 1 and 2, D = 0.8 � 10j3 mm2/s and 1.0 � 10j3 mm2/s, D* = 5.5 � 10j3 mm2/s and 9.3 � 10j3 mm2/s, and f = 0.30 and
0.17; stretched exponential model from segments 1 and 2, DK = 1.2 � 10j3 mm2/s and 1.2 � 10j3 mm2/s, and > = 0.73 and 0.77.
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simulations were performed assuming that in vivo signal is biex-
ponential, with parameters set to f = 0.20, D = 1.5 � 10j3 mm2/s,
and D* = 1.5 � 10j2 mm2/s. The values were selected based
on values reported by Riches et al6 for peripheral zone prostate
(D = 1.34 [range, 0.69Y1.92] � 10j3 mm2/s, D* = 21.2 [range,
3.89Y11.00] � 10j3 mm2/s, and f = 0.23 [range, 0.06Y0.53]).
Rician-corrupted data were generated based on method of
Wiest-Daesslé et al.14 The percentage noise is expressed as a
percentage of the signal intensity at b = 0. For the purpose of
the simulations, the percentage noise was varied from 0% to
10%. The corrupted data were fitted with monoexponential,
biexponential, and stretched exponential models. Ten thousand
simulations were performed at each of the 10 different noise
levels, for a total of 100,000 simulations. Precision, accuracy,
and normalized residual for each model were calculated. The
precision of each parameter was characterized by its coefficient
of variation (CV), defined as the ratio of the parameter’s SD
to its mean. Accuracy was assessed by the relative bias, defined
as the percentage difference between the fitted and ideal pa-
rameter values. Figure 2 shows signal with noise at 6.25% and
10% levels overlaid with normalized monoexponential, biex-
ponential, and stretched exponential fits. The models were fitted
to the data with nonlinear least-squares routine using the
Levenberg-Marquardt algorithm in MATLAB software (version
7.1; Mathworks, Natick, MA).

Magnetic Resonance Imaging Data Acquisition
Our institutional review board waived the requirement for

informed consent for this retrospective study, which was compli-
ant with the Health Insurance Portability and Accountability Act.

Between June 2011 and August 2011, 25 patients (age, 42Y74 years)
with biopsy-proven prostate cancer referred for MRI of the prostate
underwent a pretreatment clinical MRI examination that included
DWI. Magnetic resonance imaging was performed with a 3-T
whole-body MRI unit (Discovery MR750; GE Medical Systems,
Waukesha,WI) equipped with a 32-channel phased-array coil and
a commercially available balloon-covered expandable endorectal
coil (Medrad, Pittsburgh, PA) for signal reception.

Diffusion-weighted images were acquired using the previ-
ously described motion correction with multiYb value DWI
technique.15 In brief, the technique sequentially collects multi-
ple acquisitions of 2-dimensional slices at different b values
using a conventional single-shot spin-echo echo planar imaging
acquisition with a pair of rectangular gradient pulses along
3 orthogonal axes (x, y, and z) simultaneously. Multiple b values
were acquired in a ‘‘time-resolved’’ manner during a single ac-
quisition, alternating between low and high b values. The data
are collected using one or more specific sets or ‘‘blocks’’ of b
values multiple times within a single acquisition (Fig. 3). Image
registration using a normalized mutual information similarity
measure was used to correct for spatial misalignment of diffusion-
weighted volumes caused by motion. Two-dimensional affine trans-
formation was used for motion correction.

In our study, we collected axial diffusion-weighted im-
ages with each of the following b values: 0, 45, 75, 105,
150, 225, 300, 600, 900, and 1200 s/mm2. Four identical
blocks were acquired consecutively within a single acquisi-
tion. Other parameters included repetition time/echo time
(TR/TE) = 2200/88.2 milliseconds, 2 averages (or number of
excitations, 2), matrix 128� 128, field-of-view 160� 160mm2,

FIGURE 6. Representative data from a 53-year-old patient with prostate cancer, presurgical PSA level of 0.05 ng/mL, clinical stage T1c.
A, Axial T2-weighted image (TR/TE = 5400/130 milliseconds). Parametric map of the biexponential parameters, D (B), D* (C),
f (D) and stretched exponential parameter DK (E) and > (F) and from segments 1 and 2 are shown. Diffusion-weighted image parameters
were 9 b values, 0, 45, 75, 105, 150, 225, 300, 600, 900, and 1200 s/mm2, TR/TE = 2200/88.2 milliseconds, matrix 128 � 128,
field-of-view 160 � 160 mm2, resolution 1.25 � 1.25 � 3 HL.
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resolution 1.25 � 1.25 � 3 HL, with an acceleration factor of
2 and acquisition time of about 3 minutes. Typically, 11 to
19 sections were acquired to cover the whole prostate.

The experiments carried out in this study were intended to
assess the performance of the 2 models (biexponential and
stretched exponential) for IVIM signal with respect to repro-
ducibility of the estimated parameters. To assess intrameasure-
ment variability, the 4 blocks of b values within a single
acquisition were dividing the data into 2 data sets, or segments,
each consisting of 2 blocks of data.

Image Analysis
Regions of interest were drawn freehand by an experienced

radiologist on one b = 0 image within the diffusion image series.
Regions of interest were selected according to 2 criteria. The
first, anatomical constraint was to select only voxels located in
the peripheral zone of the prostate. The second constraint was
to avoid areas containing postbiopsy hemorrhage or prostate
capsule, which can result in signal abnormality on diffusion and
T2-weighted images. T1-weighted images were used to detect
postbiopsy intraglandular hemorrhage.16,17

To measure reliability of data, the intraclass correlation co-
efficient (ICC) was calculated to derive the data variability for the
2 consecutive acquisitions. Intraclass correlation coefficient e
0.20 indicates poor agreement, 0.20 G ICC e 0.40 fair agreement,
0.40 G ICC e 0.60 moderate agreement, 0.60 G ICC e 0.80 good
agreement, and 0.80 G ICC e 1.00 very good agreement. To
graphically represent the relationships between measurements,
scatter plots were created, and the lines of best fit were identified.
The plots are intended to show agreement between parameters
estimated from the first segment of data with parameters esti-
mated from the second segment of data.

RESULTS

Simulations
The results of our MC simulation are shown in Figure 4.

As expected, as the noise level increases, the CV and the bias
in the estimated parameters increases. At the 5% noise level,
the CV and bias values for the biexponential parameters were
19.7% and j7.8% for D, 68.3% and 22.0% for D*, and 45.2%
and 25.3% for f, respectively. In comparison, for the same noise

FIGURE 7. Representative data from a 57-year-old patient with prostate cancer, presurgical PSA level of 8.35 ng/mL, clinical stage T1c.
A, Axial T2-weighted image. B, Parametric map of the biexponential parameters, D, D*, and f (clock-wise). C, Parametric map for
Kohlrausch decay function (DK, >) of the same slice as shown in A. Sequence parameters are identical to those used for Figure 5.
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level, the values for CV and bias values for the stretched expo-
nential parameters were 11.3% and j0.9% for DK and 12.2%
and j0.4% for >, respectively. Coefficient of variation results
suggest rapidly increasing variance (low precision) for D, D*,
and f in the biexponential model and variance values for DK and
>, which increase at a slower rate in the stretched exponential
model. Bias results suggest increasing overestimation of D*
and f and underestimation of D with increasing noise in the
biexponential model. The underestimation of DK and > at the
same noise level is substantially less.

FIGURE 8. Scatter plots showed agreement between estimated biexponential parameters (D, D*, and f ) (A) and stretched
exponential parameters (DK, >) (B) measured from data during the first segment with data estimated from the second segment.
Identity line represents perfect agreement for data.

TABLE 1. Intraclass Correlation Coefficients Were
Calculated for the Intrasession Variability for 25 Patients

Model Parameters ICC, %

Biexponential
D 84.4
D* 25.3
f 41.3

Stretched exponential
DK 95.8
> 64.1

J Comput Assist Tomogr & Volume 36, Number 6, November/December 2012 Diffusion-Weighted MRI of the Prostate

* 2012 Lippincott Williams & Wilkins www.jcat.org 701

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

DanRowe
Stamp



Magnetic Resonance Imaging
Figure 5 shows plots of mean signal intensity and the

biexponential and stretched exponential fits for the ROIs
placed in the prostate shown on a b = 0 diffusion-weighted
image from segments 1 and segment 2. Figure 6 shows the maps
of the biexponential parameters (D, D*, and f ) (Fig. 6A) and
stretched exponential parameters (DK and >) (Fig. 6B). For each
parameter, 2 maps are shown (one for each segment of the ac-
quisition). The dynamic range was the same for the 2 segments.
Overall, a comparison of the features in the D and DK maps
obtained in segment 1 to those obtained in segment 2 suggests
that they are similar. For voxels within the prostate, D values
were primarily in the range of 0.0006 to 0.0026 mm2/s, whereas
DK values were mostly in the range of 0.0006 to 0.0032 mm2/s.
Variations between the 2 segments for f and > maps were
somewhat greater, although still not substantial. The f values
were primarily in the range of 0.0 to 0.4, and > values were
primarily in the range of 0. 6 to 1.0. Interpretation of the var-
iations of the D* maps is confounded by the large range of
values (0.02Y0.2 mm2/s).

Figure 7 shows maps of the biexponential parameters
(D, D*, and f ) (Fig. 7A) and stretched exponential parameters
(DK and >) (Fig. 7B) from a patient with biopsy-proven prostate
cancer. The maps of D and DK have similar features.

The ICCs for the intravariability are summarized in Table 1.
Scatter plots (Fig. 8) show the level of agreement between the
first segment of the acquisition and the second segment of the
acquisition. The agreement between the 2 segments was poor
for the parameter D*. Agreement was very good for D and DK,
moderate for f and good for >. The Pearson correlation coeffi-
cient for the biexponential parameters between the 2 segments
were r = 0.85 for D, r = 0.24 for D*, and r = 0.41 for f. In
comparison, the Pearson correlation coefficient for the stretched
exponential parameters were r = 0.96 for DK and r = 0.64 for >.

DISCUSSION
The Kohlrausch decay function, which allows the devia-

tions from the ‘‘canonical’’ monoexponential function to be
gauged in a simple way, is an alternative approach to biexpo-
nential modeling of IVIM signal that can provide information
about diffusion and intravoxel heterogeneity simultaneously.

Our simulations demonstrated the potential advantages of
the Kohlrausch decay function. First of all, parameters can
be identified more precisely with this function than with the
biexponential model, although this advantage seems to be re-
duced in high-noise situations. Second, the diffusion coefficient
DK (the Kohlrausch decay constant) and > (a dimensionless
‘‘stretching’’ parameter) have a bias of less than 5% at 10%
noise level. In the stretched exponential model, DK has preci-
sion similar to that of >, and both parameters can be identified
accurately: at 10% noise level, the bias is less than j5% for
both of these parameters as compared with greater than 40% for
D* and j20% for D using a biexponential model. Bias results
suggest increasing overestimation of D* and f and underesti-
mation of D with increasing noise in the biexponential model. In
the stretched exponential model, both parameters are increasingly
underestimated at higher noise, but the degree of underestima-
tion with increasing noise is substantially less than in the biexpo-
nential model.

Our in vivo data demonstrated that parameters estimated
with the stretched exponential model are reproducible. The re-
producibility of DK based on comparison of 2 segments from
a single acquisition was 95.8%, which is considered excellent.
The reproducibility of > based on comparison of the 2 segments
was 64.1%, which suggests good agreement. In comparison,

when the in vivo prostate data were modeled using the biexpo-
nential diffusion model, although the reproducibility of D was
excellent (84.4%), the reproducibility of D* was only 25.3%,
indicating poor agreement, and the reproducibility of f was
41.3%, indicating moderate agreement. These findings are
promising because, assuming the variations are due to noise (and
minimally affected by motion or other sources of variability), they
suggest that parameters obtained from the stretched exponential
model are robust and can serve as reliable quantitative tools.
When agreement between corresponding in vivo prostate mea-
surements was assessed, the agreement between the 2 segments
was poor for the parameter D*, moderate for f, good for >, and
very good for D and DK.

A major limitation of this study is that tumor ROIs were not
correlated with whole-mount histopathological findings, and
therefore clinical utility could not be assessed. We intend to
further investigate the ability of the model to characterize
tumors in the prostate when pathology maps become available
after surgery. Another limitation is that we did not evaluate the
variability in multiYb value DWI by performing repeated mea-
surements. In our study, the evaluation of reproducibility was
limited to repeated measurements within a single acquisition.
Although this analysis addresses the robustness of the methods
to noise, it does not provide insight into reproducibility of var-
iance within days (short-term) or even months (midterm). A
study by Braithwaite et al18 assessed short-term and midterm
reproducibility of ADCs in DWI of the abdomen in a healthy
population. Such a study is warranted with our proposed
method, especially if the method is to be used as a quantitative
tool for predicting and monitoring tumor response. Another
limitation of our study was the small sample size. Further work
is needed to establish the clinical utility of the proposed meth-
ods using whole-mount step-section pathological analysis as the
reference standard.

In conclusion, we have presented an alternative model to the
biexponential function to characterize diffusion and perfusion.
The main advantage of the stretched exponential model is its ex-
cellent stability to noise. The disadvantage is the extension of this
robustness: the model is quite rigid and may not describe data as
well as other models. The parameters derived from stretched ex-
ponential model are more reliable and reproducible than the
parameters derived from the standard, widely used diffusion/per-
fusion model.
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