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Characterization of Continuously Distributed Cortical
Water Diffusion Rates With a Stretched-Exponential

Model
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Experience with diffusion-weighted imaging (DWI) shows that
signal attenuation is consistent with a multicompartmental the-
ory of water diffusion in the brain. The source of this so-called
nonexponential behavior is a topic of debate, because the ce-
rebral cortex contains considerable microscopic heterogeneity
and is therefore difficult to model. To account for this hetero-
geneity and understand its implications for current models of
diffusion, a stretched-exponential function was developed to
describe diffusion-related signal decay as a continuous distri-
bution of sources decaying at different rates, with no assump-
tions made about the number of participating sources. DWI
experiments were performed using a spin-echo diffusion-
weighted pulse sequence with b-values of 500-6500 s/mm? in
six rats. Signal attenuation curves were fit to a stretched-expo-
nential function, and 20% of the voxels were better fit to the
stretched-exponential model than to a biexponential model,
even though the latter model had one more adjustable param-
eter. Based on the calculated intravoxel heterogeneity mea-
sure, the cerebral cortex contains considerable heterogeneity
in diffusion. The use of a distributed diffusion coefficient (DDC)
is suggested to measure mean intravoxel diffusion rates in the
presence of such heterogeneity. Magn Reson Med 50:
727-734, 2003. © 2003 Wiley-Liss, Inc.
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Two types of heterogeneity can be defined in MRI diffu-
sion experiments: intravoxel and intervoxel. The goal of
this work was to understand how intravoxel heterogeneity
affects measurements of diffusion in the cerebral cortex
using diffusion-weighted imaging (DWI). A stretched-ex-
ponential model was used to study the heterogeneity in
DWI data.

The motivation for understanding the biophysical basis
of DWI lies partially in the potential of the technique for
noninvasively detecting microscopic changes in tissue due
to cerebral infarction and stroke (1). In addition, DWI
studies of the changes in restrictions to intra- and extra-
cellular water diffusion that occur with neoplastic inva-
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sion may lead to improved understanding and treatment of
tumors (2,3). Finally, it has been shown that a reduction in
the apparent diffusion coefficient (ADC) may occur during
functional stimulation, which suggests the use of DWI as a
functional contrast technique to study brain activation (4).

Mathematical models of DWI have been tested in hu-
mans, animals, and cell cultures, but the controversy sur-
rounding the identification of specific proton pools con-
tributing to nonexponential behavior of the neural DWI
signal remains (5—11). In vitro models, such as erythrocyte
ghosts (10), have done much to establish the sensitivity of
multiexponential models to cellular density, volume frac-
tions, and exchange rates. However, the direct correspon-
dence of these models to the results of brain imaging must
still be established.

The biexponential model of water diffusion assumes
that there are two distinct proton pools inside each voxel,
and that these proton pools have different diffusion rates
that result in signal relaxation with b that is biexponential,
where b = y>G*8*(A — 8/3). The variable G is the magnitude
of the applied diffusion gradient, 3 is the duration of each
lobe of the diffusion gradients, A is the time between the
onsets of the two gradient pulses, and v is the gyromag-
netic ratio. When 8 is not negligibly smaller than A, the
diffusion time for the experiment can be written as ty = A
—8/3 (12). The form of the biexponential model is

=Vie " + Ve ",

[1]

where S(b)/S, is the component of signal attenuation
caused by diffusion through the applied magnetic field
gradients. The parameters V, and V, are the volume frac-
tions in fast- and slow-diffusing “compartments”, such
that V, + V, = 1. Parameters D, and D, are the correspond-
ing ADCs. There are three independent parameters in the
model of Eq. [1]: V,/V,, D,, and D,.

It has been suggested that V, and V, are the volume
fractions of protons in the extra- and intracellular spaces,
respectively, in the neural cortex (6). However, the biex-
ponential model is confounded by a reported mismatch
between expected volume fractions and fitted results from
the DWI data, namely a reversal of the expected volume
fractions of the slow- and fast-diffusing components (6,7).
Possible explanations for this mismatch are exchange be-
tween proton pools (13), and the existence of multiple
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images of single oocytes yield biexponential curves from
intracellular signal alone, challenging the idea that V, and
V, correspond to intra- and extracellular proton pools (9).
One possible cause of this dilemma is the highly hetero-
geneous nature of cortical tissue. The neocortex of mam-
mals is composed of six identifiable layers, each of which
contains a varying proportion of axonal and dendritic pro-
jections from subcortical and neighboring cortical struc-
tures (14,15), as well as associated glial cells. Mono- or
bicompartmental signal models may have a physical basis
in separate parenchymal proton pools, but one must also
consider the possibility that a continuous distribution of
diffusion coefficients arises from a multiplicity of pools
(16).

In this study a model was developed, based on the
theory of the stretched-exponential function, in which no
assumption was made about the number of intravoxel
proton pools contributing to signal decay. As a rule, de-
convolution of a decaying exponential-like signal into
monoexponential components is possible only when extra
information exists about the number of exponentials. In
the absence of this information, the stretched exponential
provides a means of characterizing the decay, and the
resultant fitted parameters can be used to quantify the
intravoxel distribution of apparent diffusion rates.

THEORY

If the ROI is composed of a collection of protons with a
distribution of (apparent) diffusion coefficients, the equa-
tions relating diffusion to MR signal attenuation take on a
general form. A probability density p(D) is assigned to the
populations of protons with a particular D in a voxel.
Signal attenuation can then be thought to arise from a
collection of uncoupled exponential decay processes, such
that:

TU = J'x p(D)efbD dD. [2]

To describe the behavior of the same signal attenuation
analytically as a function of b-value, we propose the use of
the stretched-exponential model:

S—b) = exp{—(b X DDC)*}. [3]

Here « is the stretching parameter, which characterizes the
deviation of the signal attenuation from monoexponential
behavior, and is limited to values between zero and one. A
value of « that is near one indicates high homogeneity in
apparent diffusion, namely a highly monoexponential at-
tenuation curve. Lower values of a result from nonexpo-
nential behavior caused by the addition of multiple sepa-
rable proton pools within the voxel. This function, known
as the Kohlrausch-Williams-Watts model, has been ap-
plied extensively in other fields of physics to problems
similar to the one addressed here (17—22), and was used to
describe nonexponential diffusion in neural tissue speci-
mens (23). There are two free parameters in the model of
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FIG. 1. a: Stretched-exponential function f = S(b)/S, with varying
values of a (from upper to lower values of 0.4, 0.6, 0.8, and 1.0).
b: Enlargement of the area in dashed lines of a, in a semilog (y)
scale.

Eq. [3]: the distributed diffusion coefficient (DDC) and «.
The DDC parameter refers to the quantity derived from
fitting the stretched-exponential function to the data. In
Egs. [2] and [3], DDC and D are dependent, as are the
biexponential estimates of diffusion rates in Eq. [1], on the
time allowed for diffusion. They do not directly reflect the
fluid viscosity unless diffusion is unrestricted.

As shown in Fig. 1a, a decrease in « results in a decrease
in signal attenuation as a function of b-value if b X DDC >
1. If b X DDC < 1, the opposite effect occurs, such that low
a values result in a relatively fast signal decay. Thus, the
form of Eq. [3] accommodates a range of decay rates as
described by Eq. [2]. The parameter b X DDC determines
the point at which these curves cross each other, effec-
tively delineating “high” and “low” ranges of decay rates.
If b X DDC is high, the signal attenuation is dominated by
the slow-decaying terms, since faster-decaying contribu-
tions have already disappeared. The “stretching” behavior
to which the model refers is seen at high values of b X
DDC, where a lower a prevents the function from decaying
quickly. Low values of « signify that a large number of
disparate apparent diffusion rates are present in the sam-
ple. In a semilogarithmic plot of the signal attenuation
curve (Fig.1b), more than one decay term (slope of
log(S(b)/S,)), can clearly be seen if a < 1, although the
behavior does not arise from a specific number of decay
components.

The signal attenuation of Eq. [2] can be defined in a
slightly different way. Let B =1/D, (which has the same
units as b — s/mm?), where B can be thought of as a decay
constant resulting from the apparent diffusion rate D. The
parameter D is a continuously varying ADC. Following the
method described in Ref. 22, the modeled values of DDC,
a, and B are related by equating the right-hand sides of Eq.
[2] and Eq. [3]:
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o~ XPP0" = f p(Re P dp. (4]

Let E(B™) be the nth moment of the distribution of 1/D,
which can then be calculated by integrating B"p (B) over its

range. Thus
n
N r(;)
E@R") = DDCo T(n) ’ (5]

which, for the first moment of B, is

1 1

Thus, E(B) approaches B as a approaches one. The mo-
ments of B can be analyzed to generate information about
p (B). Maps of increasing moments of B progressively in-
crease the weighting of protons with low ADCs.

Figure 2 shows the effects of @ and DDC on the first and
third moments of B. Higher moments are weighted by
lower values of a resulting from heterogeneous decay.
Decreasing DDC also results in lower E(3"). Maps of the
first three moments of B in each voxel can be created.

There are, therefore, five useful parameters that charac-
terize intravoxel diffusion with this model: o, DDC, and
the first three moments of the distribution of B. All of these
parameters are obtained in a fit of the stretched-exponen-
tial function to the data.

The goal of this work was to understand how intravoxel
heterogeneity affects physical interpretation of the DWI
signal decay. Because it is sensitive to this heterogeneity, a
stretched-exponential model was developed and fitted to
the signal attenuation curves of rat brain images. The pos-
sibility of obtaining image contrast with the stretched-
exponential model of diffusion using maps of o, DDC, and
the first three moments of the intravoxel distribution of g
was also studied.

MATERIALS AND METHODS

Eight male Sprague-Dawley rats were imaged using a spin-
echo DW (spin-warp) pulse sequence. While echo-planar
pulse sequences would have allowed more rapid image
acquisition, the newness of the analysis method encour-
aged caution with regard to the effects of T7 decay and
eddy currents on signal intensity. The rats were anesthe-
tized with urethane (1.2 mg/kg of 20% solution) during the
scan, and their core temperatures were maintained at
37°C * 0.5°C before and during the experiment. The rats
were handled in accordance with the NIH Guide for the
Use and Care of Laboratory Animals. A Bruker Biospec 3T
scanner was used to acquire the images, with a local 12-cm
gradient coil, (12.8-cm inner diameter, 41.0-cm length,
maximum gradient amplitude of 20 G/cm at 100A for each
axis, rise times = 100 ps), and a single-turn square surface
RF coil of 2 cm? area. A 64 X 64 matrix, a FOV of 3.5 cm,
five axial slices of 1.0-mm thickness, and a TE of 43 ms
were used. The pulse sequence incorporated a 90° and a
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FIG. 2. Surface plots of (a) E(8%) and (b) E(B) as a function of « and
DDC. Vertical height is the moment amplitude and is labeled in the
corresponding color bars for each figure.

180° RF pulse, with a magnetic field gradient applied
before and after the RF pulses for diffusion weighting. A
single k-space line was acquired with each excitation. The
b-value was varied from 0 to 6500 s/mm? in increments of
500 s/mm? by varying the amplitude of the two gradient
pulses after the 90° and after 180° RF pulses. The diffusion
gradients were applied in the frequency-encoding direc-
tion. The diffusion time was 27 ms, and the b-values were
varied randomly according to a uniform distribution to
avoid systematic errors. The signal attenuation ratio was
calculated in each voxel by dividing the DWI signal by the
T,-weighted (b = 0) signal. The cortical ribbon was local-
ized visually from a T,-weighted (TR = 1400 ms, TE =
19 ms) anatomical image acquired prior to DWI, and an
ROI was created manually to contain voxels inside cere-
bral cortex in each rat. Two magnitude images were ac-
quired with each b-value and averaged to produce the final
image. If the magnitude-to-noise ratio was less than 3, the
images were excluded from the final analysis.

Bi- and stretched-exponential models were fitted to the
data from each voxel in the ROI using a nonlinear least-
squares routine in Matlab (Mathworks, Inc.). A Gauss-
Newton method was applied, with bounds on the
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FIG. 3. Typical signal attenuation data (taken from a voxel in images
of cerebral cortex of a male Sprague-Dawley rat), as a function of
b-value. The stretched-exponential fit to the data is shown as a solid
line in the figure.

stretched-exponential parameters as follows: 0 < DDC <
10 X 107% s/mm? and 0 < o < 1. The biexponential
parameters were specified such that V, + V, = 1,0 <
V,<0.4,0<D, <10 X 107> mm?/s, and 0 < D, < 10 X
107® mm?/s. The fitting algorithm converged if the re-
sults changed by less than a specified amount with an
incremental change in the parameter set, and a maxi-
mum of 5000 changes in the parameter set were allowed.

The goodness-of-fit of the bi- and stretched-exponential
models to the data were compared. An equal goodness-
of-fit would indicate a preference for the stretched-expo-
nential model, assuming there is no prior information
about the number of intravoxel proton pools, since the
stretched-exponential model contains one less free param-
eter than does the biexponential model. To compare the
models, the sum-of-squared residuals (SSR) was calcu-
lated between each fit and the signal attenuation as a
function of b for each voxel. A monoexponential ADC was
also computed in each voxel using the relation ADC =
In(S,/S(b))/b, with b = 1000 s/mm?.

To assess the behavior of the stretched-exponential
model in measuring homogeneity or monoexponential be-
havior in a system of relatively fast diffusion coefficients,
data from a 10% ethanol solution in a 1.5-ml vial were
fitted to the stretched-exponential model using the same
protocol. It was predicted that « would be higher in the
ethanol phantom than in the rat cortex because of the
monoexponential signal attenuation from a homogeneous
distribution of D in the ethanol phantom.

In designing pulse sequences for measuring heterogene-
ity in diffusion, it is important to know the range of imag-
ing parameters that result in maximum sensitivity to the
physical system under investigation. One method for as-
sessing the sensitivity of the model is to calculate the
partial derivative of the model with respect to the variable
of interest. This technique was used to determine how the
sensitivity of the model to a was related to the diffusion
coefficients present in the sample, and how this sensitivity
was controlled by the magnitude of the applied diffusion
gradients. An analytical simulation was written in Matlab
to vary a from 0.2 to 1.0 in increments of 0.2, with b X DDC
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specified between 0 and 10. The partial derivative of the
modeled signal attenuation f = S(b)/S, was calculated
with respect to a.

RESULTS

One of the eight rats imaged experienced bleeding due to
surgical complications during the scan, and another rat
experienced uncontrollable temperature fluctuations. The
data from both of these rats were excluded from the final
analysis. The results of the stretched-exponential fit to
99 voxels from the ethanol phantom indicated homoge-
neous (monoexponential) signal attenuation in every
voxel. The mean value of « was 0.97, with a median of
0.98 and a standard deviation (SD) of 0.02. A two-tailed
Student’s t-test comparing the distributions from the rat
cortical dataset with that of the ethanol phantom showed
statistically significant differences (P < 0.001) in all six
cases. A typical signal attenuation curve is shown in Fig. 3,
along with a stretched-exponential fit to the data.

Figure 4 shows the distribution of the difference of the
SSR of the stretched exponential model, SSR,, to that of
the biexponential, SSR,,. Of 3038 voxels, 20% had a lower
SSR with the stretched-exponential fit.

The fitted values of o for each rat were calculated from
within the ROI. Bins of size 0.05 were selected, and the
frequency of voxels in the dataset with a within each bin
was computed, as shown in Fig. 5a. The mean value of «
was 0.80, with a median of 0.82 and an SD of 0.12. The
distribution DDC (7.5 X 10~* * 3.4 X 10~* mm?/s) from
the same fits is shown in Fig. 5b. The results of stretched-
exponential fits for every rat are shown in Table 1, with
ADC (b = 1000 s/mm?) values listed for comparison with
DDC values.

A map of « fitted to each voxel in cortical ribbon taken
from three rats is shown in Fig. 6 along with a typical ROI
drawing (left) on a T,-weighted anatomical image. This
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FIG. 4. Histogram analysis of stretched- and bi-exponential fits
from voxels taken from images of six healthy rats. The goodness-
of-fit is reported between fits of the stretched- and bi-exponential
models, with sum-of-squared residuals SSR; and SSR,, respec-
tively. Negative values indicate a higher likelihood for the stretched-
exponential model (N = 3038).
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FIG. 5. a: Histogram of stretched-exponential heterogeneity mea-
sure a in rat cerebral cortex from a nonlinear least-squares fit. Data
was obtained from DWI of six male Sprague-Dawley rats. b: Histo-
gram of stretched-exponential DDC from the same voxels (N =
3038).

map shows that heterogeneity is generally low in the cen-
tral and superior (upper) portions of the cortex, and some
slices have lowered o in inferior (lower) cortical voxels.
Figure 7 shows a comparison of color images of o, DDC,
E(B), E(B?), and E(B®) in voxels of whole-brain images. The
results show high contrast between white matter struc-
tures (e.g., the corpus colossum) and the cortical ribbon,
with white-matter tracts having higher DDC, and subcor-
tical structures showing contrast with the moments of .

DISCUSSION AND CONCLUSIONS

Signal attenuation due to water proton diffusion in DWI
has been analyzed using a stretched-exponential function,
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which assumes that each voxel contains a continuous dis-
tribution of diffusion rates. As expected, the heterogeneity
parameter o was close to one in stretched-exponential fits
to voxels from (freely-diffusing) protons in an ethanol
phantom. By comparison, « in rat cerebral cortical voxels
was significantly less (P < 0.001) in all six rats, supporting
the initial hypothesis that the stretched-exponential model
could be used to measure heterogeneity in water diffusion.

The stretched-exponential model yielded a measure of
the moments of the intravoxel distribution of diffusion
coefficients. The moments of B were calculated using the
values of DDC and « in each voxel. Maps of DDC, E(8?),
and E(B®) were created. Further studies must be done to
elucidate the relative contributions of higher or lower
components of the subvoxel distributions of D between
different brain structures; however, these results suggest
that a new type of diffusion contrast can be observed with
the stretched-exponential technique. Since E(B®) is sensi-
tive to contributions from low values of D, it can be spec-
ulated that signal attenuation resulting in high E(B%) has
origins in the cellular microenvironment.

Figure 8 shows that caution must be used in selecting
b-values to match the diffusion coefficients in the sample.
The sensitivity of fto «, and therefore to heterogeneity, is
dependent upon b X DDC, and upon « itself. Choosing b X
DDC to be high results in low sensitivity to heterogeneity,
because signal attenuation of all but the most heteroge-
neous diffusion components has occurred. In general, fis
more sensitive to @ when « is low rather than high, assum-
ing b X DDC is not close to one.

An interesting observation concerning the stretched-ex-
ponential function shown in Fig. 1 is that DDC = ADC (the
monoexponential ADC), when b X DDC = 1. It is under-
stood that both DDC and ADC are affected by the hetero-
geneity of diffusion rates in the voxel, but that, assuming
the point at which b X DDC = 1 (or S/S, = 1/e) is known,
DDC can be obtained by taking an ADC measurement at
that point. The value of DDC is higher when intravoxel
diffusion rates are fast and homogeneous. Conversely,
E(B®) is high when the diffusion rates are slow but heter-
ogeneous (low a), as shown in Eq. [6].

A more practical implication is that, in studies where an
ROI is defined in order to compare some measure of the
diffusion rate to that of surrounding tissue, it is advanta-

Table 1
Results From Stretched-Exponential Fits to Cortex ROIs
in Seven Healthy Rats

DDC (mm?/s)

ADC (mm?/s)

1074 1074
1 (N = 383) 6.8 = 3.6 0.82 = 0.10? 7126
2 (N = 504) 7619 0.80 + 0.15 79*18
3 (N = 546) 7.8 +53 0.81 = 0.152 75=*42
4 (N = 585) 75*23 0.79 = 0.092 8.0=*23
5 (N = 554) 8.0x35 0.77 = 0.10* 81=*23
6 (N = 467) 7.2+ 31 0.80 = 0.112 75=*x24
*The monoexponential ADC values (calculated with b =

1000 s/mm?) are listed for comparison with the DDC values. Results
are reported with = 1 standard deviation.

®Results were significantly different (P < 0.001) from those of an
ethanol phantom.
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FIG. 6. Color map of the heterogeneity index « in a stretched-exponential fit to signal attenuation from ROI voxels in cerebral cortical ribbon

(outlined in the anatomical image at left).

geous to perform ADC measurements with two different
b-values, each optimized with different b X DDC (one
value for the ROI, and one for surrounding tissue). This
may be useful, for instance, in localizing a region of cyto-
toxic edema following the onset of stroke.

A color map of o in a representative slice taken from rat
cerebral cortex showed reduced « in regions correspond-
ing to the superior sagittal sinus. This is thought to occur
because of partial volume effects between the relatively
fast-diffusing CSF in the sinus and the slow-diffusing gray
matter parenchymal protons.

It is possible that the heterogeneity index is sensitive to
the direction of the applied diffusion gradients, particu-
larly in highly anisotropic structures in the brain. This is
expected because diffusion imaging of the brain has re-

FIG. 7. Color maps of stretched-exponential fits of data from cere-
bral cortex. a: Stretched-exponential fit «; b: Stretched-exponential
fitDDC; and c-e: Moments 1, 2, and 3 of B.

vealed considerable anisotropy (31,32). In the present
studies, diffusion gradients were applied in only one di-
rection to avoid averaging the data in more than one di-
rection. In a separate experiment (results not shown), with
the diffusion gradient applied in a direction orthogonal to
the one employed here (vertical in the images), it was
found that the heterogeneity index a was not significantly
different than that found using diffusion gradients in the
x-direction. While further studies are needed to under-
stand the directional dependence of heterogeneity, it ap-
pears that the relatively isotropic nature of gray matter
lends itself to analysis using gradients in only one direc-
tion.

The results of this study enable one to hypothesize that
subvoxel heterogeneity measures may provide contrast be-
tween motor functional units. Supporting this hypothesis
is the fact that somatosensory and motor functional units

b x DDC

FIG. 8. Sensitivity of the stretched-exponential function f (partial
derivative) with respect to o as a function of b X DDC. The arrow
indicates an increase in a. The upper-right insert is an enlarged view
of the main plot, for 0 = b X DDC = 1.
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(barrels) are approximately 45—-60 mm?® in volume, are
separated by distances on the order of the slice thickness
that was used, and correspond to the physical location of
the slices employed here, as verified by localization of the
anatomical slices with a rat brain atlas (24). Barrels extend
vertically (S-I) and are separated laterally (in the slice
direction) by approximately 1-1.5 mm, in a grid-like pat-
tern. Interconnections between functionally related corti-
cal areas are also heterogeneous from the superior to the
inferior direction, and mostly occur in layer IV. There is
therefore a potential for the stretched-exponential model
of diffusion to be of use in high-resolution imaging. A
particular application may involve using the heterogeneity
index to track functional disruption due to pathologies.

(Q-space imaging is a commonly used DWI technique for
obtaining information about subvoxel diffusion. The basis
of the technique is that when & < A, the probability of
protons having diffused a distance R is related by the
Fourier transform with respect to R to the signal intensity
at the echo as a function of q. The variable g is a measure
of diffusion weighting under these circumstances, and is
defined as yd3G/2m in units of one/distance. By sampling
the attenuation curve with different values of g, one can
make an estimate of this probability with a fixed diffusion
time (A). Q-space imaging shows promise for the imaging
of microscopic structure, particularly when the structure
is spatially periodic (28-30). However, in vivo imaging
with g-space methods, particularly in humans, may be
limited by both hardware capabilities (i.e., maximum gra-
dient strength) and safety concerns (e.g., very rapid rise
times for the diffusion gradients). The current stretched-
exponential method is useful for measuring restricted dif-
fusion in these less than ideal conditions since, in general,
d is not greatly less than A.

Two types of intravoxel heterogeneity affect diffusion-
related signal attenuation data: heterogeneity in fluid vis-
cosity, and heterogeneity in diffusive restrictions. If diffu-
sion times are short, the former effect dominates the het-
erogeneity, but longer diffusion times allow protons to
experience restrictive barriers. To analyze these two ef-
fects, theoretical analysis and experiments were per-
formed in which b was varied by holding the gradient
amplitude G constant and varying the diffusion time (25—
27). These efforts were partly based on pioneering work by
Callaghan (28) in g-space imaging. The theory behind such
“Cg” experiments is that differences between signal atten-
uation at a particular b value are directly related to re-
stricted diffusion occurring in proton pools, with restric-
tions on the order of the diffusion time of the Cg experi-
ment. The stretched exponential model may be used to
understand the difference in monoexponentiality between
constant-time (Ct) and Cg experiments, using the hetero-
geneity index a to determine the amount of local diffusive
restrictions. Restrictions can be expected to result in an
increase in the third moment of the distribution of B be-
cause the signal attenuation curve would be a result of
protons that apparently diffuse more slowly than they
would if diffusion time were held constant at a shorter
value. Other effects could be explored as well, such as the
sensitivity of « to such restrictions.

Based on the work presented here, the bi-exponential
interpretation of signal attenuation in DWI gives concern.
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This conclusion is based on the observed lower SSR in
20% of voxels. We suggest that the use of the stretched-
exponential model would be a suitable control for an ex-
periment based on a biexponential model, since the former
model (with fewer free parameters) is preferred if the two
models are equally well fit. In addition, it has not yet been
shown that the biexponential model directly corresponds
to known physiology in the brain. It is possible, however,
that a realistic model distinguishing between intra- and
extracellular diffusion could be based on a sum of two
stretched exponentials.

A stretched-exponential model of diffusion has been
presented that enables the intravoxel heterogeneity in the
distribution of diffusion coefficients, as measured with
DWI, to be quantified. While some voxels may be com-
posed of one or two separable distributions of proton
pools, the assumption that diffusion takes place in one or
two specific compartments is unwarranted when the num-
ber of contributing water pools is not known. Neverthe-
less, with the stretched-exponential model, some informa-
tion about the distribution of diffusion coefficients can be
obtained. This quantification of intravoxel heterogeneity
will be particularly useful in studies of human tumor
tissue, in which tortuous vasculature and heterogeneous
cellular morphology may differentiate it from surrounding
normal tissue.
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