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Fig. 2. Schematic of subcellular compartments: intracellular (IC), extracellular
(EC), and myelin (M), with associated model parameters.

values can be obtained with longer mixing times and
thus shorter gradient pulses are possible. This is important
because when restriction is assessed by standard methods, the
diffusion of restricted compartments will appear to be more
restricted (smaller) the longer the gradient pulses are [28].
Longer mixing times can be beneficial when investigating slow
water exchange, for example. The other pertinent differences
of the stimulated echo experiment compared to the spin echo
experiment are:

• the effect of relaxation is reduced, although relax-
ation may become a factor at very long mixing times;

• only 50% of the spin magnetization is ultimately available
for measurement.

Given the longer mixing time and lower sensitivity to of
the stimulated echo experiment, one would expect the specific
NMR characteristics of the myelin, and the permeability, to have
a larger effect on the measurements. These parameters will be
explained further in Section II.

II. METHODS

A. Model Parameters

WM is a compact tissue. It is modeled here with hexagonal
spacing, allowing a minimum of 9% volume for extra-cellular
(EC) space when adjacent fibers abut. All the fibers are the same
size. When modeling diffusion in WM, some approximations
need to be made. The main assumptions of this model are pre-
sented below.

1) Three compartments exist in the tissue—intracellular
(IC), myelin sheath (M), and EC. The configuration of
the modeled tissue is depicted in Fig. 2. Although these
three compartments are not necessarily homogeneous, and
other spaces exist, for example, astrocyte cell bodies, these
compartments represent the majority of volume and water
content in human WM. The average EC volume fraction
in whole brain is 20% [25], with the EC fraction in WM
being slightly less than the average [25], [29].

2) Axons are cylindrical and myelinated (axons with diameter
are generally myelinated [30]). Although approx-

imately half of the axons in WM are in fact unmyelinated,
they are very small and represent a small fraction of the
MR signal.

TABLE I
MODEL PARAMETERS AND THE RANGE OF VALUES USED IN THE SIMULATIONS

3) In normal WM, on average, the outer diameter of the myeli-
nated fiber, including the myelin sheath, is given by
where is the axon diameter [31].

4) All of the water is MR-visible.
5) The diffusion coefficients in EC and in IC are set to

be equal—no evidence exists to support a significant differ-
ence. The diffusion coefficient in myelin is assumed
to be lower or equal to the IC value.

6) The times in IC and EC are assumed to be equal
and to be comparable in value to that of gray matter.
in the myelin compartment is assumed to be signifi-
cantly lower than in the IC compartment [32].

7) The model does not include direct water exchange between
IC and EC space. This is in consideration of the relatively
small surface area common to these two compartments.
Exchange would occur at the nodes of Ranvier—breaks in
the myelin sheath—which are spaced approximately 1 mm
apart along the axon and extend over .

Some of the parameters used in the model are shown in Fig. 2.

B. Parameter Estimation

When equally sized cylinders are distributed in a hexagonal
grid, with 18% extracellular space and a ratio of 0.6 for axon
diameter:fiber diameter, the resulting volume of myelin is
52.5%—this was kept constant throughout the simulations.
The EC fractional volume was varied between 10% and 26%,
designated by the parameter in Table I.

Given the aforementioned constraints, the dependence of the
axon diameter on EC fraction is given by

(3)

where is the myelin volume fraction (fixed here at 52.5%), and
SPC is the spacing between axon centers—set here to either 3 or
6 m.
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Fig. 4. Monoexponential+ baseline approximation: simulated data andÞts.
Data for spins in each compartment is shown separately. Permeability is zero.

these -values. Therefore, the signal can be well approxi-
mated as a constant independent of. Recently, Kroenke
et al. have shown that the diffusion of NAA (which is lo-
calized to neuronal IC space) at in a rat brain
can beÞt by a model which consists of randomly oriented
cylinders with zero apparent diffusion perpendicular to the
cylinder axes [37]. See the Appendix for further explana-
tions.

3) The EC spins exhibit hindered diffusion with a monoexpo-
nential decay governed by an apparent diffusion constant,

.
Thus, it is proposed that a monoexponentialconstantÞt
should be utilized for the perpendicular diffusion. The ex-
ponent corresponds to , and the baseline to the relative
volume of IC water. Nonzero permeability is expected to affect
the interpretation of theÞt.

III. RESULTS

Table II shows the range of exchange times (other than ,
) covered by this simulation for a subset of tissue con-

Þgurations (here, ). The IC residence times in
this simulation are shorter or comparable to published estimates
[16], [35], [36]. Shown in parentheses are values for the percent
of particles that moved from IC to EC in . Interest-
ingly, for any given permeability, , the residence time,, and
the percent of spins moving from IC to EC are approximately
equal for the conÞgurations , SPC

and , SPC . This suggests a dependence
of residence time onSPC where is the mean squared
displacement in the myelin compartment. Thus, may be a
rate-limiting factor in ICÐEC water exchange.

Fig. 5 shows simulated transverse diffusion attenuation plots
for permeabilities and , and for different EC vol-
umes, , Þtted by monoexponential functions with baselines.
The data is wellÞtted by these functions, even in cases of high
permeability. However, only when the permeability,, is zero,
does the baseline strictly correspond in size to the axonal water

TABLE II
DIFFERENTDEFINITIONS OFEXCHANGE PARAMETERS. � IS THE AVERAGE

TIME BEFOREEXPERIENCING AN EXCHANGE EVENT, GIVEN BY (4).
VALUES IN PARENTHESES ARE THEPERCENT OFSPINS ESCAPING

FROM IC TO EC IN TE = 75 ms

fraction, and the decay constant correspond to the hindered dif-
fusion constant.

Fig. 6(A) and (B) shows plots of the apparent diffusion and
baseline computed fromÞts of the simulated spin-echo

data at different combinations of, , andSPC. The line
of bold xÕs in Fig. 6(B) shows the percent of the signal attrib-
utable to axonal water. To calculate the axonal water fraction,
note that at time , the myelin water has relaxed and
is not contributing to the signal any longer. The axonal fraction
of the remaining signal is given by

(5)

where is the fractional volume of the myelin sheath (here al-
ways taken as 0.525) and is the fractional volume of EC.
Clearly both the baseline and apparent diffusion are
highly affected by the EC volume fraction , the former quite
linearly as is expected since in the absence of exchange it is
a direct measure of the IC volume fraction. Permeability does
not much affect the baseline (i.e., the IC volume fraction esti-
mation) at this , although reduces with higher perme-
ability. IncreasedÞber size, given by the spacing of the hexag-
onal grid, SPC, tends to increase . For the longer diffu-
sion time of the stimulated echo experiment,
higher permeability results in both a lower baseline and lower
apparent diffusion, as shown in Fig. 6(C) and (D). However, a
larger EC space yields a lower baseline and higher Ñ this
difference in the effect of these two parameters may prove useful
when comparing DTI tracts. The increase in apparent diffu-
sion is greater for larger axons. The effects of increased per-
meability on the diffusion signal are similar to the effects of de-
creased axon diameter, which corresponds to the dependence of
exchange on the number of wall hits.

Extracellular tortuosity can be estimated from theÞtted
(parallel diffusion) and , based on (2). TheÞtted values
of for the spin-echo simulation are generally in the range
1.95Ð2, and for the stimulated-echo experiment in the range
1.90Ð2, with lower values for higher permeability. Given the
constancy of , the apparent tortuosity here is mostly deter-
mined by .
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Fig. 5. Plots of simulated data, fitted with monoexponential + baseline func-
tions: A (top). spin echo, � = 40 ms; B (bottom). stimulated echo, � =
245 ms. Other parameters: D = 0:5 � =ms, T = 10 ms, spc = 6 �.

IV. DISCUSSION

All factors that influence the signal need to be taken into ac-
count in order to make statements about tissue ultrastructure
based on DTI. Given the many simplifying assumptions that are
necessary in order to create a model, the objective is not to accu-
rately describe geometrical tissue characteristics, but to identify
trends and possible biological sources for differences in tract
parameters calculated from DTI.

Based on the model it is proposed that the diffusion attenu-
ation signals , obtained with field gradients applied per-
pendicular and parallel respectively to a single fiber bundle with
coherently organized fibers, can be described by:

(6)

Fig. 6. Fitted D and baseline for: A. and B. (top): spin echo, � = 40 ms

C. and D. (bottom): Stimulated echo, � = 245 ms. Apparent diffusion plots
are on the left; Baseline plots are on the right. The bold line of �’s shows the
relative IC volume fraction. For spc = 3 � the axon diameter ranges from 1.5
to 1.9 �m for spc = 6 � the axon diameter ranges from 2.9 to 3.9 �. Other
parameters, as in Fig. 5.

A monoexponential baseline yields more information for
tissue characterization than a monoexponential fit alone, and
is rooted in the tissue structure. Note that only perpendicular
diffusion attenuation is fitted with a baseline, which is due to
restricted diffusion presumably mediated in large part by the
myelin sheath. It is proposed that under conditions of relatively
low permeability, the baseline parameter reflects the relative
volume of IC space, and approximates this for higher perme-
abilities—increases in permeability decrease the applicability
of the model. This analysis extends and validates the approach
by Kroenke et al. who found that a general additive constant
helped phenomenologically explain diffusion data from for-
malin-fixed primate brains [38].

In order to fit data, multiple -values need to be acquired,
although due to the time constraints of clinical DTI scans this
would mean a trade-off between the number of gradient direc-
tions and number of -values. The general description for a mul-
tiple gradient spin-echo diffusion experiment would be

(7)

where is the unit gradient vector.
The cylindrically symmetrical diffusion tensor and the

baseline tensor have the same eigenvectors. Their diagonal-
ized form is

(8)
When more than one tract is suspected of populating a voxel,
combinations of this approach with multitensor methods should
be considered.

The model can be used to understand the MR appearance of
specific pathological states of WM, although this avenue is not
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TABLE III
EFFECT OF INCREASES IN TISSUE CHARACTERISTIC PARAMETERS

ON FITTED ELEMENTS OF THE DIFFUSION SIGNAL

investigated in depth here. The most obvious example is that of
cytotoxic edema that can be described as a decrease in . The
model supports the theory that the considerable reduction of ap-
parent diffusion observed in acute stroke [35], [39] is caused by
an extracellular volume decrease which increases the proximity
of fibers to each other [40], [41].

Changes in parameters such as FA can potentially be better
understood within this framework because more information is
available. In the case of fiber tracking through areas of vasogenic
edema, which can be simplistically characterized by an increase
in and spc, the fitted baseline constant may be more in-
dicative of the existence of fibers than values derived from the
diffusion tensor, which may not be extremely anisotropic.

V. CONCLUSION

A 3-D model of coherently structured tracts has been devel-
oped that allows spin packets to diffuse, relax, and exchange
in a hexagonally spaced WM construction. Diffusion curves
can be generated for different -values, pulse sequences, gra-
dient directions, intrinsic diffusivities, relaxivities, permeabili-
ties and cell dimensions. Based on the model, it is proposed that
multi- -value DTI data be fitted by a cylindrically symmetric
diffusion tensor and a cylindrically symmetric baseline tensor,
effectively giving a monoexponential baseline fit to diffusion
perpendicular to the axon axis, and a monoexponential fit to the
parallel diffusion. Areas of fiber crossing or bifurcation should
be fit to two sets of diffusion and baseline tensors. From the
fitted curves, parameters such as IC volume and extracellular
tortuosity can be estimated. If the signal is measured only at
lower -values, it can be fit by a monoexponential, but the ex-
tracted diffusion constant will be an average of all populations,
because the wrong model is being used. If higher -value data
is acquired, the signal can be fit to a more correct model, i.e.,
monoexponential baseline, yielding far more meaningful pa-
rameters. The baseline cannot be fitted if high -values are not
acquired.

Results from the simulations point to the size of the extracel-
lular compartment as an important factor influencing the signal.
It affects both the apparent diffusion constant and the baseline
measurement. Permeability and cell size can also impact the
signal—with their influence becoming more apparent the longer
the diffusing time between gradient pulses. The dependence of

and on tissue parameters is summarized in Table III.

Fig. 7. A. Simulated diffusion attenuation of the IC spins (permeability is zero)
for different gradient pulse widths, �, versus qa, where q = 
�g and a is the
axon diameter. B. Same diffusion attenuation plotted versus b at low b-values.

This approach is designed to identify some of the cellular cor-
relates of changes in measured diffusion by focusing on phys-
iologically meaningful measures. An application of this anal-
ysis would be to enable a comparison of parcellated fiber tracts
within or between subjects based on average values of tissue pa-
rameters in the tracts. The analysis could also be applied to help
understand the structural correlates of disease processes in WM.
The insight gained from the model could yield optimal strategies
for obtaining the maximum information from DTI acquisitions,
which may include combinations of different pulse sequences.

APPENDIX
RESTRICTED DIFFUSION UNDER FINITE GRADIENTS

The minimal signal attenuation of IC spins when long gra-
dient pulses are applied is not surprising since during a gra-
dient pulse, the mean displacement perpendicular to the tract
(given by ) would be 17 for
and if the diffusion was unrestricted. This means
that each particle samples much of the axonal cross-sectional
area during each gradient pulse, for all physiologically relevant
WM axon sizes. The center-of-mass formalism developed by
Mitra and Halperin explains the resulting diffusion attenuation
intuitively in terms of a center-of-mass propagator [28]. Fig. 7
shows the results of simulations with larger gradient strengths
than are possible in vivo, allowing high and -values with short
gradient pulses. As is evident, with diffusion pulses longer than
8 ms, the simulated diffusion attenuation at , with

, is less than 1%.
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