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Water Diffusion Compartmentation and Anisotropy at
High b Values in the Human Brain
Chris A. Clark* and Denis Le Bihan
Biexponential diffusion decay is demonstrated in the human
brain in vivo using b factors up to 4000 sec mmⴚ2. Fitting of the
signal decay data yields values for the slow and fast diffusion
components and volume fractions in agreement with previous
studies in rat and human brain. In addition, differences in the
fitted parameters are demonstrated in the white and gray matter and diffusion anisotropy is demonstrated in both the slow
and fast diffusing components. Apparent anisotropy in the component fractions is discussed in terms of directionally dependent exchange rates between the compartments. The lack of a
relationship between the estimated contribution to the signal of
the fast and slow components and echo time appears to rule
out T2 differences in the observed water compartments. Values
obtained for the fast diffusion coefficient, including differences
between white and gray matter and the degree of anisotropy
are compatible with the predictions of extracellular diffusion of
water based on tortuosity models and the diffusion of tetramethylammonium ions in rat brain. Magn Reson Med 44:
852– 859, 2000. © 2000 Wiley-Liss, Inc.
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Water diffusion in the brain is two to 10 times smaller than
free water diffusion due to the presence of the tissue microstructure, which impedes molecular displacements.
Diffusion is exquisitely sensitive to cellular geometric features, such as cell size (reduced diffusion in cytotoxic
edema) and orientation (diffusion anisotropy in white matter), leading to important clinical applications. Diffusion
imaging has been used to quantitatively characterize normal brain tissue (1), stroke infarcts (2), multiple sclerosis
(MS) lesions (3), normal-appearing white matter (3), tumors (4), hippocampal sclerosis in epilepsy (5),
Creutzfeld-Jakob disease (6), schizophrenia (7), brain injury (8), and other pathologies.
Yet the exact mechanisms underlying the link between
diffusion and tissue microstructure remain largely unknown (9). High viscosity and restriction effects have been
proposed for water diffusion in the intracellular space, and
tortuosity effects described for water diffusion in the extracellular space. It is thus important to evaluate the respective contributions of the intra- and extracellular compartments in order to provide a better understanding of the
overall water diffusion characteristics of the tissue. So far,
most studies performed with conventional MRI hardware
and limited gradient power report diffusion measurements
in terms of a single, global parameter, the apparent diffusion coefficient (ADC), whereby the diffusion signal decay
is assumed to be monoexponential.
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The diffusion model may be refined, however, by including anisotropy and tissue orientation information (by
measuring changes in the ADC according to gradient orientation) (10 –12) and restricted diffusion effects by changing the diffusion time (13,14). Furthermore, MR diffusion
imaging experiments using high b values (⬎1000 sec
mm⫺2) have shown that the diffusion signal decay is no
longer monoexponential, but is more accurately described
in terms of a biexponential function of the form
S(b)
⫽ fslowexp共⫺b 䡠 ADCslow兲 ⫹ ffastexp共⫺b 䡠 ADCfast兲
S共0兲

[1]

where S(b) is the signal in the presence of diffusion sensitization, S(0) is the signal in the absence of diffusion
sensitization, ADCslow and ADCfast represent the fast and
slow diffusing ADCs, and fslow and ffast represent the contribution to the signal of the slow and fast diffusing water
compartments. This model assumes that exchange is slow
between the two compartments during the diffusion measurement time tD.
Studies performed by Niendorf et al. (15) in the rat brain
in vivo (with b factors up to 10000 sec mm⫺2) using this
model yielded ADCfast ⫽ (8.24 ⫾ 0.30) ⫻ 10⫺4 mm2 sec⫺1
and ADCslow ⫽ (1.68 ⫾ 0.10) ⫻ 10⫺4 mm2 sec⫺1 with
ffast ⫽ 0.80 ⫾ 0.02 and fslow ⫽ 0.17 ⫾ 0.02. The volume
fractions of the two water compartments obtained by Niendorf et al. did not, however, agree with those expected for
the intra- and extracellular water fractions; Fintra ⫽
0.80 and Fextra ⫽ 0.20 (16) given that extracellular water is
considered to be more rapidly diffusing than intracellular
water. This would appear to challenge the validity of the
assumptions embodied in Eq [1]. Niendorf et al. ruled out
different T2 contributions from each compartment, which
may have explained this discrepancy, by demonstrating
invariance of the estimated parameters at two different
echo times of 50 and 90 msec.
Similar results were obtained by Mulkern et al. (17) in
the human brain in vivo using b factors up to 6000 sec
mm⫺2. Using a volume localized technique in eight subjects, values similar to those of Niendorf et al. (15) were
obtained. Based on the discrepancy between the measured
volume fractions and those in the literature, Mulkern et al.
(17) also concluded that Eq. [1] appeared to be inadequate
to describe the diffusion compartmentation in human
brain.
An important issue that these previous in vivo studies
have not addressed, however, is that of anisotropy. Diffusion anisotropy in white matter is a sensitive marker of
structural integrity and a number of studies, notably those
based on the diffusion tensor, have revealed structural
modifications in MS (3) and schizophrenic brains (7). Diffusion anisotropy also forms the basis of new fiber-tracking
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methods based on the directional similarity of the principal eigenvectors obtained from the diagonalized diffusion
tensors in adjacent voxels (18 –21). The mechanisms responsible for diffusion anisotropy in white matter are
thought to involve a greater restriction or hindrance of
water molecule mobility across fiber tracts (axon cylinders
and myelin sheaths) than along them. Clearly, an investigation into the directional properties of compartmentalized water diffusion may further elucidate the nature of
white matter diffusion anisotropy in human brain. Furthermore, an investigation into the transverse relaxation
properties of the two compartments has yet to be performed in vivo.
The availability of new more powerful gradient hardware on clinical MRI systems offers the opportunity to
study human brain water diffusion at much larger b factors
(⬎1000 sec mm⫺2) than have been used previously. Gradient coils, capable of producing magnetic field gradients
of up to 40 mT m⫺1 on a clinical MRI system operating at
1.5 T, were used to demonstrate biexponential diffusion
attenuation in the human brain in vivo. These experiments
were designed to 1) investigate possible changes in the
diffusion coefficients and the fractional contribution to the
signal of the two resolved water components at two different diffusion times, 2) identify possible differences in diffusion compartmentation in white and gray matter, 3) elucidate the role of transverse relaxation in determining the
estimated volume fractions of the two components, and 4)
examine anisotropy of the fast and slow diffusing components in white matter.
METHOD
The study, approved by the Institutional Ethics Committee, was performed on five healthy volunteers, each of
whom gave informed consent. Diffusion imaging was performed on a whole body 1.5T MRI system (Signa, General
Electric Medical Systems, Milwaukee, MN) equipped with
an actively shielded whole-body magnetic field gradient
set allowing up to 40 mT m⫺1.
An echo planar imaging sequence, sensitized to diffusion by application of additional gradient pulses either
side of the refocusing RF pulse, was used to provide images with diffusion weighting (on all three gradient axes
simultaneously, so as to maintain TE as short as possible)
increasing the value of the b factor, linearly from 0 to
3800 sec mm⫺2. To validate the performance of the sequence, diffusion-weighted images were obtained at a single slice location in a phantom containing isopropanol at
22°C and the diffusion coefficient was calculated assuming
a monoexponential decay.
For the initial human brain study, the diffusion sequence was preceded with an inversion pulse so as to
suppress the contribution of CSF to the signal (which may
potentially result in a biexponential signal decay). Fortyfive diffusion-weighted images were collected in addition
to five initial images acquired in the absence of diffusion
sensitization to ensure that the NMR signal achieved a
steady state. These images were subsequently discarded
from the signal decay analysis. Each acquisition included
10 axial planes, providing a total of 500 images. For each
subject, two experiments were performed at diffusion
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times corresponding to tD ⫽ 24.7 msec and tD ⫽ 57.7 msec.
Additional imaging parameters used for both sequences
were: slice thickness ⫽ 5 mm, slice gap ⫽ 0 mm, square
FOV ⫽ 24 cm, TE ⫽ 104.4 msec, TI ⫽ 1800 msec, TR ⫽
7200 msec, 128 ⫻ 128 image matrix with half-Fourier
acquisition. The imaging time for each sequence was
9 min.
The images were displayed and analyzed using inhouse-written IDL software. Regions of interest (ROIs)
were selected in the white matter (frontal white matter,
optic radiations, and centrum semiovale) and gray matter
(occipital, parietal, and temporal cerebral cortex) on the
first image in the series with weak diffusion weighting. For
the five subjects a total of 156 ROIs were selected in the
white matter with a mean area of 190 pixels, and 140 ROIs
were selected in the cerebral cortex with a mean area of
185 pixels. For each ROI the signal decay was fitted to Eq.
[1] using the Marquardt-Levenberg algorithm assuming
one or two exponentials (preliminary studies indicated
that the best fit was obtained with no more than two
exponentials).
The goodness-of-fit was calculated from 2 and an index
of satisfaction of the fit, IS, derived from the probability
distribution P of 2 (22).

IS共n/2,  2/2兲 ⫽ 1 ⫺ P共n/2,  2/2兲 ⫽

⌫共n/2,  2/2兲
⌫共n/2兲

[2]

where n is the number of degrees of freedom and ⌫ is the
gamma-variate function. A value smaller than 0.001 for IS
leads to the rejection of the model, while a value larger
than 0.001 is considered to be compatible with the model
(22).
To investigate possible transverse relaxation differences
in the two components, experiments were repeated on two
of the volunteers with tD ⫽ 24.7 msec, as described above,
but with TE varied in steps of 22 msec from 84.4 msec to
170.2 msec. The inversion pulse was not used in these
experiments as the analysis of the signal decay data was
confined to the deep white matter of the centrum semiovale (with an average area of 200 pixels) remote from
CSF. The imaging time was 1 min and 40 sec for each of
the five scans.
An investigation of the anisotropy of the individual
diffusion components in white matter was then performed. Because useful diffusion anisotropy information
can be obtained when white matter fibers are well aligned
with the gradient axes (the off-diagonal elements of the
diffusion tensor expressed in the gradient reference frame
should be negligible), the corpus callosum (the fibers of
which run from left to right in an axial slice) was initially
selected for study. It was noted from these preliminary
studies, however, that a periodic variation of the signal
was obtained at b factors ⬎ 2000 sec mm⫺2, which persisted despite the use of cardiac gating. This precluded an
acceptable fit of the signal decay to the biexponential
function. Given the close proximity of this structure to the
CSF, and the high level of motion sensitivity, this periodicity was attributed to pulsatile brain motion associated
with the cardiac cycle. The internal capsule, which also
satisfies the orientation criteria, is more remote from CSF
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FIG. 1. Diffusion attenuation in isopropanol at 22°C indicating a
linear signal decay.

pulsations and provided signal attenuation data that was
relatively free of periodic signal variations, resulting in an
acceptable biexponential fit.
Echo planar diffusion imaging was then performed on
four subjects in the manner described previously, but
without the inversion pulse (because the internal capsule
is remote from the CSF) and with the addition of gating by
means of a pulse oximeter on the subject’s finger. Diffusion
sensitization was applied along the three orthogonal gradient axes in turn. A single axial slice was selected and the
b factor was incremented from 0 to 3800 sec mm⫺2 as
before, with TE ⫽ 104.4 msec and TR equal to twice the RR
interval. A trigger delay of 200 msec between the peak of
the R wave and the beginning of the sequence was used.
The total imaging time was 3 min and 30 sec for the three
sampled directions. Analysis of the signal attenuation for
each direction of diffusion sensitization was performed as
described previously. ROIs were selected on the internal
capsule on both the right and left sides of the brain containing an average of 55 pixels. For comparative purposes,
a monoexponential fit of the first 11 points, corresponding
to b values up to ⬃1000 sec mm⫺2 was performed for each
ROI.
RESULTS
The signal decay as a function of b factor for the isopropanol, shown in Fig. 1, was found to be monoexponential
as expected. The diffusion coefficient obtained from the fit
was (0.450 ⫾ 0.004) ⫻ 10⫺3 mm2 sec⫺1 in close agreement
with a value obtained by Mulkern et al. (17) of 0.44 ⫻
10⫺3 mm2 sec⫺1.
In the human brain, the fit of the signal decay data
assuming a single exponential model was ruled out, as it
led to IS ⬍ 0.001 in all cases. Indeed, the data were compatible with a biexponential model in all gray and white
matter ROIs studied with IS ⬎ 0.001. Typical signal decay
data from gray and white matter regions are shown in Fig.
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FIG. 2. Typical biexponential decay curves for ROIs in white matter
(circles) and gray matter (squares).

2. Table 1 summarizes the values of ADCfast, ADCslow, and
ffast averaged over all the gray and white matter ROIs
studied for the two diffusion times. Comparison of the
grouped white and gray matter fitted parameters obtained
for the two diffusion times, corrected for multiple comparisons, indicated that there was no significant difference in
any of the fitted parameters between the two examinations.
This suggests that ADCfast, ADCslow, and ffast are diffusion
time independent between tD ⫽ 24.7 and 57.7 msec.
Comparison of the fitted parameters revealed significant
differences (P ⬍ 0.001) in each parameter for white and
gray matter. This difference was apparent for both of the
diffusion times studied. In summary, it was found that
white matter ADCslow was smaller than gray matter
ADCslow, while white matter ADCfast was larger than gray
matter ADCfast. The white matter ffast was smaller than the
gray matter ffast.
Analysis of the signal decay in the centrum semiovale
ROIs revealed that there was no significant difference in
the fractional contribution or the fast and slow ADCs as a
function of TE. The fractional contribution of the fast
diffusion component is plotted against TE for a single
representative ROI in Fig. 3. The error bars refer to the
standard deviation of the fitted parameter obtained from
the Marquardt-Levenberg fit.

Table 1
The Fast and Slow ADC, ADCfast and ADCslow and Fast Diffusing
Fraction ffast Averaged Over 156 White Matter and 140 Gray
Matter ROIs With tD ⫽ 24.7 ms and tD ⫽ 57.7 ms
tD
24.7
24.7
57.7
57.7

ms
ms
ms
ms

ROI

ADCslow

ADCfast

ffast

White matter
Gray matter
White matter
Gray matter

0.16 ⫾ 0.04
0.19 ⫾ 0.07
0.16 ⫾ 0.04
0.18 ⫾ 0.07

1.12 ⫾ 0.10
1.02 ⫾ 0.10
1.13 ⫾ 0.11
1.01 ⫾ 0.10

0.66 ⫾ 0.10
0.70 ⫾ 0.08
0.65 ⫾ 0.06
0.73 ⫾ 0.08

The ADC values are reported in units ⫻ 10⫺3 mm2 s⫺1. Error quoted
is the standard deviation.
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FIG. 3. The fast diffusion volume fraction plotted as a function of
echo time.

Biexponential fitting of the signal attenuation data with
diffusion sensitization along each of the three gradient
axes in turn revealed anisotropy in ADCfast, ADCslow, and
ffast. Figure 4 shows an axial slice through the internal
capsule (a) in the absence of diffusion-sensitization and
with high diffusion-weighting (⬎3500 sec mm⫺2) along
the (b) read (right-left), (c) phase (anterior-posterior), and
(d) slice (superior-inferior) directions, respectively. Note
the strikingly different contrast in the diffusion-weighted
images as the direction of sensitization is altered. Typical
signal decay data in the internal capsule with diffusion
sensitization in the read (right-left), phase (anterior-posterior), and slice (superior-inferior) directions is shown in
Fig. 5.
To compare the degree of anisotropy in each parameter,
an anisotropy index (AI) proposed by van Gelderen (23)
was calculated in each case. Although this index is not
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FIG. 5. Biexponential decay curves for a ROI in the internal capsule
with diffusion along the read (right-left, squares), phase (anteriorposterior, circles), and slice (superior-inferior, diamonds) directions
corresponding to two directions transverse to the fibers and along
the direction of the fibers.

truly quantitative, in the sense that it is not rotationally
invariant, it provides useful information when the fiber
direction is approximately aligned with the gradient axes,
as is the case in the internal capsule. A summary of the
fitted parameters averaged over the eight ROIs studied is
given in Table 2. The AI was found to be highest for
ADCslow.
DISCUSSION
This study confirms that when using b factors up to ⬃4000
sec mm⫺2 the signal attenuation in human brain is well
described by a biexponential decay. The fitted parameters

FIG. 4. a: A non-diffusion-weighted image and set of diffusion-weighted images using high b factors (⬎3500 sec mm⫺2) with sensitization
along (b) the read (right-left), (c) phase (anterior-posterior), and (d) slice (superior-inferior) directions. Note the strikingly different contrast
in the white matter structures as the direction of sensitization is altered. The internal capsules are particularly prominent in d and appear
as two bright regions in each hemisphere near the center of the slice.
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Table 2
The Fast and Slow ADC, ADCfast and ADCslow and Fast Diffusing Fraction ffast Obtained With Diffusion Sensitisation Along the Three
Orthogonal Gradient Axes

ADCslow
ADCfast
ffast
ADC

Read

Phase

Slice

Mean
diffusivity

AI

0.14 ⫾ 0.02
1.12 ⫾ 0.05
0.50 ⫾ 0.05
0.51 ⫾ 0.04

0.13 ⫾ 0.02
1.13 ⫾ 0.09
0.57 ⫾ 0.03
0.59 ⫾ 0.03

0.23 ⫾ 0.02
1.39 ⫾ 0.11
0.70 ⫾ 0.06
0.89 ⫾ 0.07

0.17 ⫾ 0.02
1.21 ⫾ 0.04
0.59 ⫾ 0.02
0.67 ⫾ 0.02

0.23 ⫾ 0.10
0.08 ⫾ 0.05
0.12 ⫾ 0.06
0.23 ⫾ 0.04

The ADC value is obtained from a linear fit using data acquired with the first 11 points up to b ⫽ 1000 s mm⫺2 only. The AI represents the
anisotropy index calculated from the squared deviations of the ADC along three orthogonal directions as described by van Gelderen et al.
(23). The ADC values are reported in units ⫻ 10⫺3 mm2 s⫺1. Error quoted is the standard deviation.

ADCfast, ADCslow, and ffast obtained in the gray and white
matter are similar to those obtained by Mulkern et al. (17)
using b factors up to 6000 sec mm⫺2. Mulkern et al. (17)
obtained ADCfast ⫽ (1.40 ⫾ 0.26) ⫻ 10⫺3 mm2 sec⫺1 and
ADCslow ⫽ (0.25 ⫾ 0.03) ⫻ 10⫺3 mm2 sec⫺1 with ffast ⫽
0.74 ⫾ 0.02. Grouping the white and gray matter data
together we obtain ADCfast⫽ (1.07 ⫾ 0.17) ⫻ 10⫺3 mm2
sec⫺1 and ADCslow ⫽ (0.17 ⫾ 0.06) ⫻ 10⫺3 mm2 sec⫺1 with
ffast ⫽ 0.69 ⫾ 0.02. One notable difference between the two
studies, however, is the long TE of 175 msec employed by
Mulkern et al. to accommodate sufficiently long gradient
pulses to achieve the diffusion sensitivity necessary with
their line-scan approach, which resulted in a lower signalto-noise ratio (SNR) than was obtained here. Differences in
the fitted parameters between the two studies may be
partly due to differences in the proportions of white and
gray matter studied, in addition to the different b factor
ranges which may also influence the results, although this
latter point has yet to be investigated.
Assignment of the Fast and Slow Diffusion Compartments
to the Intra- and Extracellular Spaces in Human Brain
The observation of biexponential diffusion decay is suggestive of two water diffusion compartments in human
brain. Although non-monoexponential diffusion decay
may arise from restricted diffusion (24), this would not
necessarily give rise to a biexponential diffusion decay.
Background gradients generated within the tissue structure may also give a non-monoexponential decay (25);
however, a recent study by Clark et al. (26) indicated that
susceptibility-induced background gradient influences on
the estimated ADC are insignificant at 1.5 T. Partial volume of CSF in the ROIs, which may also give rise to
non-monoexponential decay, was eliminated by the use of
an inversion pulse prior to the diffusion-weighted sequence.
The assignment of the slow and fast diffusing fraction to
the intra- and extracellular spaces is not straightforward,
given the discrepancy between the ffast estimate obtained
from study of biexponential diffusion attenuation and the
expected intra- and extracellular volume fractions (15,17),
assuming that the extracellular water is represented by the
fast diffusing fraction. The possibility that the intra- and
extracellular compartments have different T2 values has
been raised previously to explain this discrepancy (15). If
this hypothesis is true, one might expect to obtain a TE
dependence in the fitted component fractions. In the

present study it was observed that the fitted fractions were
independent of the TE chosen, in agreement with the
findings of Niendorf et al. (15) for the rat brain. It would
appear, therefore, that the T2 values of the two compartments are similar and do not explain the discrepancy
between the known volume fractions for the intra- and
extracellular space and those estimated by high b value
diffusion measurements.
A number of other factors which may affect the estimate
of the volume fractions include the possibility of appreciable exchange between the compartments during the
diffusion time and differences in the T1 and proton density
of the two pools. Li et al. (27) pointed out that if the
exchange is significant (but not fast), the contribution of
the slow diffusion component is underestimated. Thus,
appreciable exchange between compartments may explain
the underestimation of the slow diffusion volume fraction
in this and other studies. The issue of possible T1 differences in the compartments was addressed in a recent
study by Mulkern et al. (28) using inversion pulses with a
range of inversion times of 40 –500 msec. It was found that
there was no statistically significant difference in the T1
values of the slow and fast diffusion fractions in both the
cortical gray matter and internal capsule in the human
brain. Proton density differences in the two pools may also
lead to discrepancies in the estimated volume fractions, as
may the lack of contribution from NMR invisible water.
The assignment of the slow and fast diffusion fractions
to the intra- and extracellular spaces may be further complicated by the resolution of more than two components
when very high b factors (higher than employed here) are
used. This has been found in rat brain in vivo using b
factors up to 300,000 sec mm⫺2 (29). The resolution of
further water diffusion components may correspond, for
example, to intracellular substructures and organelles, and
presumably are not observed in our experiments. Further
investigation of these very slowly diffusing components in
the human brain in vivo is restricted somewhat by the
gradient amplitude limitations of whole body MRI systems. However, the lack of contribution from these components in our experiments may also be compatible with
the overestimation of the fast diffusion component fraction.
Although the discrepancy between the intra- and extracellular volume fractions and the slow and fast diffusion
fractions has yet to be resolved, it is worth noting the
similarity between ADCfast and the ADC for the extracel-
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lular space predicted from tortuosity models and experiments based on the diffusion of tetramethylammonium
ions (TMA) (16). For example, using the tortuosity factor
for white matter in rat brain ( ⫽ 1.55) obtained by Lehmenkuhler et al. (30), and the free diffusion value of water
at 37°C extracted from Harris et al. (31) by linear regression
(D ⫽ 3.05 ⫻ 10⫺3 mm2 sec⫺1), the predicted extracellular
diffusion coefficient according to Eq. [3]
D
ADC extra ⫽ 2

⫺3

[3]

⫺1

is 1.27 ⫻ 10
mm sec . This is of the same order of
magnitude as the fast diffusion fraction found in human
brain white matter, ADCfast ⫽ 1.12 ⫻ 10⫺3 mm2 sec⫺1. It is
also noteworthy that the lower gray matter ADCfast compared with white matter ADCfast is compatible with predictions based on TMA diffusion in the rat cortex where
the tortuosity factor is generally larger in the gray matter
than for the white matter ( ⫽ 1.65 at level IV of the
cortex). In summary, our findings provide suggestive evidence for the assignment of the fast diffusion component
to the extracellular space.
The reasons for the difference in the fitted parameters
between white and gray matter remain unknown. However, it is possible that the myelin, in which water may be
expected to diffuse more slowly, may result in a lower
ADCslow and a smaller weighting of the fast diffusing fraction in white matter.
2

Diffusion Time Dependence of the Two Diffusion
Compartments
Comparison of the signal decay data at the two diffusion
times studied indicates that the fitted parameters are diffusion time independent between tD ⫽ 24.7 and 57.7 msec.
This finding would appear to be compatible with that of Le
Bihan et al. (32), which demonstrated the absence of any
diffusion time dependence in the ADC obtained from a
monoexponential fit of decay data obtained in human
brain white matter with tD between 16 and 79 msec. If the
fast diffusing component does originate from the extracellular space, it is worth noting that it is this component
which predominates in ADC estimations using monoexponential decay analysis and b factors up to ⬃1500 sec
mm⫺2. This result is not surprising if water diffusion is
simply hindered by white matter fibers, as there is no
actual physical limit to the diffusion path (9). The lack of
diffusion time dependence observed in this study for the
slow diffusing component may be due to a steady-state
effect whereby all the MRI visible intracellular molecules
have interacted with the permeable cell walls. Theoretical
studies of diffusion time dependence in spinal cord tissue
indicate that very short diffusion times (33) on the order of
microseconds may be required to observe significant increases in the ADC, as fewer diffusing molecules interact
with the surrounding structure. Furthermore, the fact that
ADCslow is approximately six times smaller than ADCfast is
suggestive of impeded (restricted and/or hindered) diffusion in this compartment. These results also indicate that
an important change in the rate of exchange between the
two compartments at the diffusion times studied is un-

likely. The identification and separation of the diffusion
time dependence of the fast and slow compartments is
clearly an attractive means with which to further our understanding of tissue water diffusion dynamics, but given
the hardware limitations on whole body MRI systems, it is
more likely to be realized in animal studies than in those
performed in the human brain.
Anisotropy in the Slow and Fast Water Diffusion
Compartments
Biexponential fitting of the signal decay with diffusion
sensitization along each of the three orthogonal gradient
directions, approximately corresponding to the longitudinal and two perpendicular transverse axes of the internal
capsule, indicated anisotropy in both ADCfast and ADCslow
(see Table 2). The observation of anisotropy in both these
compartments is compatible with the morphological similarity in the intra- and extracellular spaces, given that the
latter is formed around the former. Based on the calculation of the van Gelderen index (23) for each of these
compartments it would appear that ADCslow is more anisotropic than ADCfast. Although this observation is consistent with a restricted intracellular space and tortuous extracellular space, it should be noted that the lower precision in the estimate of ADCslow may tend to overestimate
the apparent anisotropy, as discussed previously by Pierpaoli et al. (34) for noisy monoexponential data. Overestimation in the anisotropy of ADCfast would occur to a lesser
extent due to the higher precision in this parameter. In the
context of new fiber-tracking methodology, it is worth
remarking that it is likely to be the extracellular spaces
surrounding the white matter fiber bundles that are being
tracked since b factors ⬃1000 sec mm⫺2 are used for determining the apparent diffusion tensor. The enhanced
diffusion anisotropy in the slow diffusion fraction may,
however, provide a new and more powerful contrast for
fiber tracking methodologies.
Surprisingly, the fraction of spins attributed to each of
the components also changed with the direction of diffusion sensitization, appearing anisotropic with ffast higher
along the tracts than across them. This phenomenon has
also recently been observed by Assaf and Cohen (35) in the
excised optic nerve of the rat. This observation may result
from the assumption of the “no exchange criterion” embedded in Eq. [1]. Given that changing the exchange rates
in the Karger equations (17,36) (which allow for exchange
between the two compartments) also changes the value of
ffast, we may hypothesize that the apparent anisotropy in
ffast is caused by a directional dependence in the exchange
rates. For example, one may envisage that the probability
of exchange along the axon may be significant, whereas
this probability may be lower across the axon cylinder. In
this case there may be a continuum of exchange rates in
white matter owing to the variable orientation of fiber
tracts in the brain. This model would explain the higher
value of ffast along the direction of the internal capsule
compared with the perpendicular, transverse directions.
Clearly, this hypothesis requires further investigation and
may be examined more closely by performing experiments
at short diffusion times that satisfy the no-exchange conditions in all directions, which may remove anisotropy in
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the estimate of ffast. Unfortunately, a reduction in the diffusion time generally results in a reduction in the overall
diffusion sensitivity for a given maximum gradient
strength, and it is probable that sufficiently short diffusion
times at sufficiently large b values may only be achievable
on MRI systems designed for animal studies.
It is worth remarking that anisotropy in white matter
ADCfast is predicted from tortuosity models of TMA diffusion in the extracellular space. Within the corpus callosum
of the rat brain, Mazel et al. (37) obtained  ⫽ 1.47 along
the fibers, and  ⫽ 1.67 and 1.69 perpendicular to the
fibers. Using Eq. [3] and the free diffusion value of water at
37°C from Harris et al. (31), one obtains ADCfast ⫽ 1.41 ⫻
10⫺3 mm2 sec⫺1 along the fibers, ADCfast ⫽ 1.09 ⫻ 10⫺3 mm2
sec⫺1 and 1.07 ⫻ 10⫺3 mm2 sec⫺1 perpendicular to the
fibers, and AI ⫽ 0.1. These values are similar to the values
of ADCfast and AI obtained from study of biexponential
diffusion decay in the human internal capsule (see
Table 2).
Implications for the ADC Determined With Single
Exponential Fitting Using b Factors Smaller Than
1500 sec mm⫺2
One should consider that the fast diffusing fraction predominates the MRI signal at low b values (less than
1500 sec mm⫺2), as used in most clinical studies and
animal experiments, especially when data are fitted to a
single exponential.
This has important implications for the assessment of
diffusion behavior in tissues, as during ischemia or white
matter anisotropy. For instance, these findings suggest that
the observed diffusion anisotropy in white matter is likely
to be determined by the anisotropic tortuosity of the extracellular space between aligned fibers rather than to restricted diffusion inside the myelinated axons. Thus,
tracking strategies based on the directional characteristics
of the diffusion tensor probably depend on the diffusional
properties of water in the extracellular space rather than in
the axons themselves. The application of diffusion tensor
methodology in the separation of slow and fast diffusing
components in the human brain is clearly appealing. In
particular, the possibility of identifying the diffusional
properties of the intracellular space may have important
implications for neuronal fiber tracking methodology. This
would allow the intra-axonal space rather than the extracellular space to be tracked, which in turn may have other
important applications—such as the resolution of crossing
or diverging fibers. This may prove to be difficult however,
due to the high SNR and large number of diffusionweighted images that would be required for a reliable fit of
the data on a pixel by pixel basis. Furthermore, our investigations of diffusion signal decay at high b factors in the
corpus callosum suggest that brain pulsation and motion
may also be a confounding factor.
Due to the non-monoexponential nature of the diffusion
signal decay, the choice of b factors when using a monoexponential fit will influence the value of the ADC measured. If higher b factors are used, more of the slow diffusion fraction will be sampled, reducing the value of the
overall estimated ADC. As an example, consider the ADC
determined from only two b values as shown in Fig. 6,
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FIG. 6. Plot of the estimated ADC using only two b factors. The
value of the estimated ADC declines as the maximum b factor
increases.

which depicts the value of the ADC as a function of maximum b factor (with a minimum b factor set to zero) based
on the white matter biexponential decay data with tD ⫽
24.7 msec. Over the range of maximum b factors from
500 to 1500 sec mm⫺2 (typically used in most diffusion
studies), the estimated ADC decreases from 0.72 ⫻
10⫺3 sec mm⫺2 by 15% to 0.61 ⫻ 10⫺3 sec mm⫺2. Thus
careful attention should be paid to the b factors used when
comparing studies across sites, particularly those aimed at
examining subtle changes in brain water diffusion due to
diffuse pathology. In acute brain ischemia, the observed
ADC decrease may largely originate from a simple volume
effect (shrinkage of the extracellular space), taking into
account the predominant contribution of the fast component to the diffusion-sensitized MR signal.
CONCLUSION
We have used a simple biexponential analysis to describe
the diffusion signal decay in human brain when b factors
up to ⬃4000 sec mm⫺2 are used. This analysis confirmed
that water diffusion in the human brain can be resolved
into a fast and a slow diffusing fraction, both in gray and
white matter. Reconciliation of the observed compartments with the intra- and extracellular water is complicated by the discrepancy between the known volume fractions and those estimated using water diffusion measurements if the fast diffusing fraction is attributed to the
extracellular space. A possible bias in the estimated volume fractions due to differences in the T2 values of the two
compartments is ruled out by the lack of a relationship
between the estimated volume fractions and TE, in agreement with a previous rat brain study. The failure to resolve
distinct T2 values in the compartments is consistent with
a process of significant exchange between the compartments during the diffusion time, resulting in an underestimation of the slow diffusion volume fraction. However,
the magnitude of ADCfast, degree of anisotropy in ADCfast
in white matter, and differences between white and gray
matter determined from biexponential signal decay analy-
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sis are in agreement with predictions of the extracellular
ADC of water based on tortuosity models and measurement of TMA diffusion in rat brain. This provides suggestive evidence for the assignment of the fast diffusion fraction to the extracellular space.
Directional study of the diffusion signal decay in white
matter revealed diffusion anisotropy in both the fast and
slowly diffusing water spaces. Interestingly, anisotropy
was also found in the fraction of spins attributed to each of
the compartments. This anisotropy may result from a difference in the exchange rate between the fast and slow
diffusion compartments depending on the orientation of
the white matter fibers with respect to the measurement
direction. The main difficulty in validating this hypothesis, however, is that the exchange rates between the two
compartments are largely unknown, especially in the human brain. Further experiments performed at diffusion
times which are sufficiently short to impose the no-exchange condition should help to validate this hypothesis,
and may provide new information concerning the nature
of the water compartments resolved using high b factors.
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